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ABSTRACT 1 
Polycyclic aromatic hydrocarbons (PAHs) contamination is common throughout the world 2 
due to various natural and anthropogenic activities. Phenanthrene (PHE) is identified as one 3 
of 16 priority PAHs pollutant because of its wide spread distribution and carcinogenic nature. 4 
Phenanthrene is not easily degradable in the environment due to its limited bioavailability, 5 
high sorption to soil matrix, and hydrophobic nature. Due to adverse effects on human health 6 
and ecological security, PHE-contaminated sites need to be remediated for their safer use in 7 
agriculture. Previously many remedial options, including some cutting-edge technologies, 8 
have been made to obtain a environmentally sound and cost effective remediation of PHE 9 
contaminated sites. Among these technologies, bioremediation is low cost, ecofriendly and 10 
socially acceptable. However, biodegradation of hydrophobic pollutants in soil and water 11 
systems is frequently limited by poor bioavailability of these compounds. Synthetic 12 
surfactants are known to enhance the bioavailability of these hydrophobic compounds and 13 
facilitate the biodegradation process. However, practical field application of these synthetic 14 
surfactants has been limited due to their adverse environmental effects, toxicity to 15 
microorganisms, and high cost. Although biosurfactants produced by microorganisms 16 
possess similar properties to those synthetic surfactants, they are known to be ecofriendly and 17 
less toxic to soil microorganisms and hydrocarbon degrading microorganisms. Biosurfactants 18 
can also be produced in situ by introducing biosurfactant-producing microorganism directly 19 
to hydrocarbon contaminated sites. Direct application of surfactant producing 20 
microorganisms to PHE contaminated sites has potential to degrade hydrocarbon 21 
contaminated sites at relatively low cost. Although several studies related to enhancing 22 
biodegradation of PHE using biosurfactant-producing bacteria have been reported, their 23 
combination as external application of biosurfactant and biosurfactant-producing 24 
microorganisms immobilized on biochar in soil and slurry systems have rarely been reported. 25 
This study was designed to investigate the effectiveness of biosurfactants and bacteria 26 
having capability to produce biosurfactant in the bioremediation of three different textured 27 
soils contaminated with PHE. For this purpose, efficient biosurfactant-producing bacteria 28 
were isolated from soil contaminated with crude oil. Out of 37 isolates, the isolate FKOD36 29 
which was later identified as Klebsiella sp. FKOD36 showed the maximum reduction in 30 
surface tension upto 35.15 dyne/cm with an emulsification index of 66.7% and oil 31 
displacement activity of 3.7 mm. The biosurfactant produced by efficient strain FKOD36 in 32 
liquid mineral salt medium amended with 2 % soybean oil as sole carbon source were 33 
extracted using acid precipitation and solvent extraction method and then modeled 34 
mathematically. All experiments showed a good kinetic pattern fairly described by these 35 
mathematical models with r2 > 0.90 for biosurfactants production, biomass estimation and 36 
soybean oil consumption. Furthermore, to achieve efficient production of biosurfactant by 37 
Klebsiella sp. FKOD36, environmental and nutritional parameters were optimized using an 38 
artificial neural network (ANN). Using the optimized values of critical input elements, the 39 
experimental values of biosurfactant yield, emulsification index and surface tension showed a 40 
close agreement with the model estimate. The most efficient ANN model assessments were 41 
0.030 g/L, 31.67 % and 21.6 dyne/cm against actual values of 0.038 g/L, 31.68 % and 21.5 42 
dyne/cm for biosurfactant yield, emulsification index, and surface tension reduction, 43 
respectively. The crude biosurfactant was purified by using silica gel column 44 
chromatography and thin layer chromatography. Structural analysis on FTIR and XRD 45 
confirmed the rhamnolipid (glycolipids) nature of the produced biosurfactant. The partially 46 
 xvi 
 
purified sample of biosurfactants exhibited lower value for critical micelle concentration 1 
(124 mg/L) and higher emulsification index (72.3 %). Functional properties (surface tension 2 
reduction and emulsification index) of partially purified sample of FKOD36 biosurfactant 3 
were quite stable over a wide range of temperature (10-60 oC), pH (7-9) and salinity (5-10 4 
%).  5 
Degradation studies were performed in soil and water system using PHE as a model 6 
compound to investigate the facilitating role of biosurfactants in the biodegradation process. 7 
The biodegradation studies revealed that mineralization rate of PHE was enhanced 56 % in 8 
the presence of biosurfactants in liquid culture media while 33% and 43% enhancement was 9 
observed in soil and slurry system respectively. Interestingly, mineralization began 10 
immediately in soil in the presence of biosurfactants compared to soil without biosurfactants. 11 
This indicated that the biosurfactants reduced the lag phase and promoted degradation. 12 
Microorganisms require an appropriate C:N:P ratio for their proper growth and development. 13 
Biostimulation studies using fertilizer (NPK) showed that fertilizer application alone had 14 
similar effect on PHE biodegradation as external biosurfactant application although their 15 
combination significantly enhanced PHE biodegradation in soil and slurry systems. 16 
Furthermore, immobilized microbial technology (IMT) assisted with biosurfactant approach 17 
was employed to remove PHE from the soil and slurry system. PHE mineralization of PHE 18 
was enhanced significantly in the presence of biosurfactant particularly when microbial cells 19 
were immobilized on biochar. These findings suggest that biosurfactants could be highly 20 
effective at promoting PHE bioremediation in different textured soils and slurry systems; 21 
however, selection of appropriate biochar and biosurfactants is critical to mitigate PAHs 22 
associated soil pollution. 23 
Furthermore, Biomedical application of produced biosurfactants was also 24 
investigated. About 30 % reduction in biofilm formation occurred in Bacillus subtilis, while 25 
the hemolytic and thrombolytic activity was reduced 83.7% and 50.2 % respectively, 26 
indicating that FKOD36 biosurfactant could be also a potential candidate for biomedical 27 
applications.  28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
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Chapter 1 1 
INTRODUCTION    2 
 3 
The global environment is under great stress due to urbanization and industrialization 4 
as well as population pressure on limited natural resources. The problems are compounded 5 
by drastic changes that have been taking place in the lifestyle and habits of people. The 6 
environmental problems are diverse and sometimes specific with reference to time and space 7 
(Juwarkar et al., 2014). Soil contamination is mostly the result of accidental spills and leaks. 8 
It originates from cleaning of equipment, residues left in used containers and outdoor 9 
materials (EPA-Environmental Protection Agency of United States, 2008; Lin et al., 2010). 10 
Moreover, use of excessive pesticides in agriculture, landfill leachate, which contains 11 
mixture of organic compounds such as BTEX (benzene, toluene, ethyl benzene and xylene), 12 
chlorinated hydrocarbons, phenol and polycyclic aromatic hydrocarbons, causes a great 13 
threat to soil health and quality (Gallego et al., 2001). 14 
Polycyclic aromatic hydrocarbons (PAHs) are the main group of these common soil 15 
contaminants and cause toxicity to animals, plants, and humans (Soclo et al., 2000; Duan et 16 
al., 2013). Polycyclic aromatic hydrocarbons are a variety of organic compounds with two or 17 
more aromatic rings with different structural modifications. Due to high sorption to the soil 18 
matrix, low solubility in water and hydrophobicity, they persist for a long time in the soil and 19 
water system posing serious threat to environments. Sixteen PAHs including phenanthrene 20 
(PHE) have been listed in the highest priority by the U.S. Environmental Protection Agency 21 
(Liu et al., 2001). For treatment of such compounds, conventional methods such as landfill 22 
and soil washing are used in various environments, but these are site-specific and have 23 
adverse effects on the environment.  24 
 Bioremediation is an increasingly popular alternative to conventional chemical 25 
methods for treating contaminated soil and water environments through degradation of 26 
contaminants by natural indigenous microbial activity and/or as added bioaugmentation 27 
(Kanaly and Harayama, 2000; Watanabe, 2001; Farhadian et al., 2008; Megharaj et al., 2011; 28 
Lors et al., 2012). It is relatively low-cost technology and is widely accepted by the public 29 
(Sandrin and Maier, 2003; Ortega-Calvo et al., 2007; Thavamani et al., 2012a, b, c). In 30 
 2 
 
general, two different strategies in-situ bioremediation and ex-situ bioremediation are used 1 
depending on the nature of contaminants and the prevailing environmental conditions. Low 2 
aqueous solubility and toxicity to microbiota are the main obstacles to the successful 3 
implementation of ex-situ bioremediation of PAHs (Rosenberg and Ron, 1996; Vidali, 2001; 4 
Johnsen et al., 2005). Besides bioavailability, there are many other factors that affect the rate 5 
and extent of PAHs biodegradation, including microbial population, physical and chemical 6 
properties of the target compound , temperature, pH, moisture and proper C:N:P ratio for 7 
microbial growth and development (Alvarez and Illman, 2006; Yang et al., 2009; Hueso et 8 
al., 2012). 9 
 Attempts have been made to accelerate PAHs biodegradation in soil and water 10 
systems, which include the use of water miscible solvents and surfactants (Grimberg, 1996; 11 
Willumsen et al., 2001). The later substances are comprised of two amphiphile components, 12 
including a hydrophilic head and a hydrophobic tail. The most common use of surfactants is 13 
to desorb hydrophobic compounds, acting as detergents and suspend the contaminants in the 14 
water during equipment washing. They are also used as emulsifiers and demulsifiers to make 15 
or break emulsions. However, the health and environmental hazards associated with the use 16 
of surfactants have been of concern (Shete et al., 2006).  17 
 Recently, the use of biosurfactants for the bioremediation of PAHs contaminated sites 18 
has received great attention worldwide (Janbandhu and Fulekar, 2011; Megharaj et al. 2011; 19 
Zhong et al., 2011; Ławniczak, et al., 2013; Portet-Koltalo et al., 2013;; Patowary, et al., 20 
2014; Xia et al., 2014; Yu et al., 2014; Ayed, et al., 2015; Chang  et al., 2015; Sajna et al., 21 
2015).  Biosurfactants are surface active molecules that mediate solubility of hydrophobic 22 
chemicals in aqueous media by forming micelles and emulsions. They physically suspend 23 
hydrocarbons, solvents, and metals in water (Desai and Banat, 1997; Banat et al., 2000; 24 
Kokare et al., 2007; Kokare et al., 2009).  Biosurfactants are naturally produced by certain 25 
bacteria, yeasts, and plants. In addition, biosurfactants could be used to alter the 26 
bioavailability of chemicals to enhance the bioremediation of organic contaminants either 27 
within the bioreactor or to treat contaminated soils and sludges generated during industrial 28 
processes (Muthusamy et al., 2008; Banat et al., 2010; Soberón-Chávez and Maier, 2011). 29 
Recent work concerning pollutant biodegradation by biosurfactant-producing bacteria has 30 
been reviewed by several authors (Holmberg, 2001; Kosaric, 2001; Abdel-Mawgoud et al., 31 
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2010; Franzetti et al., 2010; Marchant and Banat, 2012a) who described their potential 1 
application in bioremediation of PAHs.  2 
 Successful field application of these biosurfactant-producing microorganisms for 3 
PAHs biodegradation requires a proper C:N :P ratio for their growth and development and a 4 
safe environment to reduce toxicity of these contaminants to the microorganisms (Odokuma 5 
and Dickson, 2003; Cameotra and Randhir, 2010). For this reason, substrates or low cost 6 
nutrients are often added to stimulate the degradation process. For example, peanut, soybean 7 
oil cake, yeast extract, biochar or nutrients (NPK) are common soil biostimulants. Currently, 8 
biochar made by the pyrolysis of biomass has received considerable attention as a possible 9 
potential low-cost adsorbent to sequester and control migration of contaminants (Zimmerman 10 
et al., 2004) and provide a safe niche for microbial survival. Biochar can prevent organic 11 
pollutants from biological uptake and accumulation, and then reduce the ecological risk by 12 
adsorption (Yang et al., 2009).   13 
 Because PAHs are highly toxic to the environment, their degradation using 14 
biosurfactant-producing bacterial cells or biosurfactant may be an effective strategy to 15 
degrade these toxic compounds and to prevent contamination of soil and water. The present 16 
study was planned with the following 17 
1. Isolate and screen biosurfactant-producing bacterial strain from crude oil 18 
contaminated soil.  19 
2. Biosurfactant production by bacteria using low cost substrate and their estimation by 20 
suing mathematical models. 21 
3. Elucidate of structural and functional characterization characteristics of biosurfactants 22 
produced by selected strains  23 
 24 
4. Estimate and Predict biosurfactant production by optimizing environmental 25 
parameters using artificial neural networks.  26 
5. Elucidate the functional properties and potential applications of biosurfactants. 27 
6. Evaluate the effects of biosurfactants on PHE biodegradation in liquid culture, soil 28 
and soil-water system. 29 
7. Determine the effect of fertilizers as a biostimulation strategy on biosurfactant-30 
facilitated PHE biodegradation in soil and soil-water systems. 31 
 4 
 
8. Determination the effect of biosurfactants on PHE degradation by microorganism 1 
immobilized on biochar as a carrier in soil and soil-water systems. 2 
 3 
 4 
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 8 
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Chapter 2 1 
REVIEW OF LITERATURE* 2 
2.1. Introduction 3 
2.1.1. Overview and State of the Art 4 
Surfactants are surface-active molecules that mediate the solubility of hydrophobic 5 
chemicals in aqueous media by forming micelles and emulsions that physically arrange to 6 
suspend hydrocarbons, solvents, and metals in water. As such these compounds have 7 
fundamental roles in chemical synthesis and industrial processes where they are used to 8 
physically separate and concentrate chemicals that are targeted for disposal, recycling, or 9 
further processing. The most common uses of surfactants are as detergents to desorb oil and 10 
other hydrophobic chemicals from surfaces and suspend the contaminants in water during 11 
equipment washing. The second main use is as emulsifiers and demulsifiers to create or 12 
break emulsions that gather and concentrate hydrophobic chemicals and metals previously 13 
dispersed in water. Lastly, surfactants can be used to alter the bioavailability of chemicals to 14 
degrading microorganisms that are used for bioremediation of organic pollutants either in a 15 
bioreactor to treat contaminated soils and sludges that are generated during industrial 16 
processes. Given all of these applications, studies on the properties of surfactants and their 17 
optimization for specific applications comprise a large body of knowledge, with hundreds of 18 
research articles published each year in dedicated journals on surfactant chemistry, which 19 
include both synthetically produced surfactants and biologically produced biosurfactants.  20 
While both synthetic surfactants and biosurfactants are both used for the same general 21 
purposes, biosurfactants are distinguished from synthetic surfactants in that they are naturally 22 
produced by certain bacteria, yeasts, and plants, whereas synthetic surfactants are chemically 23 
synthesized from different feedstocks, mainly petroleum, but also from materials of plant and 24 
animal origin. The relative importance of surfactants and biosurfactants today is indicated by 25 
the size of the markets for these materials and their market growth rate.   26 
 27 
*Ahmad Z, David C, Muhammad A, Muhammad I (2015) Biosurfactants and bioemulsifiers for treatment of 28 
industrial wastes. In: Chandra R (ed) Advances in biodegradation and bioremediation of industrial waste. 29 
CRC Press, Boca Raton, pp 122–152. 30 
 31 
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In 1995, annual worldwide production of surfactants was estimated at 3 million tons 1 
with a value of 4 billion USD, of which 54% was used for production of household 2 
detergents (Sarney and Vulfson, 1995). As of 2011, surfactant production increased to 15 3 
million tons, worth 25 billion USD (Transparency Market Research, 2012). 4 
Currently, biosurfactants comprise 476,000 tons of this green surfactant market, but 5 
have a high value worth 1.7 billion USD. Analysts suggest that the biosurfactant market will 6 
continue to grow with a 3.5% annual growth rate to 2.2 billion USD in 2018. Part of the shift 7 
from synthetic surfactants to biosurfactants is due to environmental problems with synthetic 8 
surfactants that are slow to degrade, and the increasing cost of petrochemical feedstocks. 9 
There also has been considerable research demonstrating the use of low cost feedstocks such 10 
as agricultural wastes to biosurfactants. As highly pure chemicals are not necessary to treat 11 
soils or industrial waste streams, downstream processing and purification can be stream lined 12 
to reduce their costs. This is particularly true where surfactants can be produced in-situ, 13 
either by inoculating the soil with surfactant producing microorganisms or by adding of 14 
agricultural waste materials that stimulate biosurfactant production by inoculated or 15 
indigenous microorganisms. Lastly, the range of chemical diversity and functional properties 16 
of biosurfactants open many possible applications for waste treatment. In this chapter, I 17 
specifically examine the properties and uses of biosurfactants for treatment of industrial 18 
wastes, with the view that biosurfactants and bioemulsifiers will continue to become more 19 
affordable and increasingly used as production costs decrease in the future. 20 
2.1.2. Chemistry, Diversity, and Production of Biosurfactants  21 
 Many different molecules produced by plants, bacteria, and fungi have surfactant 22 
properties and can thus be classified as biosurfactants based on their origin. From a 23 
microbiological perspective, biosurfactants are more specifically defined as molecules that 24 
are produced by certain species of bacteria, fungi, and plants for particular purposes. 25 
Biosurfactant production is often inducible, occurring under conditions in which 26 
microorganisms are supplied with hydrophobic substances that are used as substrates for 27 
microbial growth. In this case, biosurfactants are excreted primarily to modify the 28 
hydrophobicity of their cell envelope or to gain access to hydrophobic chemicals that are 29 
adsorbed to surfaces or suspended in water. A less restrictive definition would include 30 
various types of fatty acids, phospholipids, glycolipids, lipopolysaccharides, and 31 
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cyclodextrins that have surfactant properties, but that primarily serve other purposes, for 1 
example, as components of cell membranes or for production of extracellular polysaccharide 2 
that coats the cell envelope. Other functions of biosurfactants are related to their properties as 3 
wetting agents that enable gliding motility in certain bacteria that swarm on the surface of 4 
water films, or as antibiotics that disrupt the membranes of competing organisms. Lastly, 5 
biosurfactants also include molecules that are fortuitously produced during growth, for 6 
example as metabolic products that temporarily accumulate in the growth medium during 7 
growth on substrates having a high carbon to nitrogen ratio. Whereas, biosurfactants can be 8 
obtained from almost any plant and microbial biomass, microorganisms with inducible 9 
biosurfactant secretion comprise a relatively small portion of the total culturable bacteria in 10 
soils and produce particularly interesting molecules that are of interest to biotechnology. In 11 
this review, I focus in particular on the strains of bacteria and yeasts that specifically produce 12 
biosurfactants, including the various screening and assay methods that are used for their 13 
detection, methods for production, and purification, and applications using purified or 14 
partially purified surfactants or in-situ production.  15 
2.1.3. Types of Biosurfactants 16 
 2.1.3.1. Microbially-Derived Biosurfactants. Microbially derived surfactants are 17 
categorized based on their chemical composition and origin and are further distinguished 18 
based on their molecular weights as shown Table 2.1. Low molecular weight surfactants are 19 
generally more efficient in lowering the surface and interfacial tension of water with 20 
hydrophobic substances; whereas, high molecular weight biosurfactants are effective as 21 
emulsifiers and emulsion stabilizer agents (Banat, 1995; Rosenberg and Ron, 1999; Karanth 22 
et al., 1999; Youssef et al., 2005).  Low molecular weights (LMW) biosurfactants are 23 
typically comprised of a hydrophobic lipid moiety that is linked to a hydrophilic substance, 24 
such as a sugar or peptide. LMW biosurfactants include glycolipids, sophorolipids, trehalose 25 
lipids, lipopeptides and surfactins as shown in Fig. 2.1. Other low molecular weight 26 
biosurfactants include substances with antibiotic properties such as gramicidin, polymyxins, 27 
streptofactin, and corynomycolic acids or molecules such as serrawettin and viscosin that are 28 
produced to improve the gliding motility of bacteria. Of the many different types of 29 
biosurfactants, glycolipids and especially the rhamnolipids are the most widely investigated 30 
for their multifunctional properties and abilities to form metal complexes, modify cell surface 31 
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hydrophobicity, and serve as either emulsifiers or demulsifiers for industrial processes. 1 
Rhamnolipid-producing Pseudomonas sp. also have been used as soil inoculants to facilitate 2 
bioremediation via in-situ production of biosurfactants in soils and sludges that have become 3 
contaminated as a result of chemical spills or industrial processes.  4 
 5 
 6 
Fig. 2.1. Chemical structures of some common biosurfactants, (a) Mannosylerythritol lipid,  7 
(b) Surfactin, (C) Trehalose lipids, (d) Sophorolipids, (e) Rhamnolipids, (f) Emulsan 8 
The second general type of biosurfactants are the high molecular weight 9 
biosurfactants, which includes glycoproteins and high molecular weight sugar polymers such 10 
as emulsan, alasan, liposan, emulsifier lipoproteins, lipopolysaccharides, and mixtures of 11 
these biopolymers. These biosurfactants are well established for their abilities to form stable 12 
oil in water emulsions (Rosenberg and Ron, 1999; Ortega-Calvo et al., 2007).  13 
As with synthetic surfactants, biosurfactants are further classified as anionic, cationic, 14 
neutral, or amphoteric depending on the electrical charge that is associated with the polar 15 
head portion of the molecule (Mulligan et al., 2001a). Anionic surfactants have been the 16 
most widely used surfactants, although the long-term trend is toward neutral biosurfactants 17 
(Transparency Market International, 2012). The primary molecular features that determine 18 
whether a chemical has surfactant properties are the existence of both hydrophobic and 19 
 9 
 
hydrophilic moieties on the same molecule that can simultaneously interact with both water 1 
molecules and hydrophobic compounds. On a thermodynamic basis, surfactants serve to 2 
reduce the ordering of water molecules that normally takes place at interfacial surfaces, 3 
around hydrophobic molecules, and on molecules containing hydrophobic patches in their 4 
structures, thereby increasing the free energy (entropy) of the chemical system. Water has a 5 
polar structure in which oxygen atom established an electro-negative region and the two 6 
hydrogen molecules that are oriented toward the other end as electropositive. The resulting 7 
molecular attractions and cohesion of water molecules results in a tensile strength that 8 
requires breaking through the water film at the air-water interface. The ability of a surfactant 9 
to reduce the surface tension of water is physically measured in units of dynes/cm or 10 
dyne/cm, using an instrument that measures the force per unit length. A common instrument 11 
or measuring surface tension is the DuNuoy tensiometer, which measures the force required 12 
to pull a 1 cm metal ring through the surface of water under standardized conditions. Pure 13 
water has a surface tension of 72 dynes at 25 oC. Addition of surfactant to pure water lowers 14 
the surface tension to values typically in the range of 27-50 dynes/cm.  15 
Other important parameters used to characterize a surfactant are the critical micelle 16 
concentration (CMC), the emulsification index (E24%), and the hydrophilic-lipophilic 17 
balance (HLB) values. The CMC is the concentration at which the surfactant molecules 18 
undergo self organization into spherical or tubular structures in which the hydrophobic 19 
portion of the molecules orients inward toward the center of the sphere to form micelles. 20 
During micelle formation, hydrophobic contaminants migrate into the micelle cores where 21 
they have the lowest free energy state. Substances that are sequestered into micelles will have 22 
altered bioavailability to degrading organisms, depending on the abilities of individual 23 
species to interact with the micelle, in some cases enhancing biodegradation and in other 24 
cases, resulting in an increase in solubility but a reduction in bioavailability. The second 25 
parameter, the emulsification index (E24%) is a simple test in which a biosurfactant is mixed 26 
with a standard hydrocarbon such as kerosene to produce an emulsion. The emulsion is 27 
allowed to stand for 24 hours, after which the percent of stable emulsion in relation to total 28 
volume is measured. Lastly, the general properties of surfactants with respect to their 29 
potential applications can also be predicted by examining the relative sizes of the hydrophilic 30 
and lipophilic portions of the molecule (HLB) (Muller et al., 2012). Low HLB values are 31 
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associated with water in oil emulsifiers and wetting agents, whereas compounds with higher 1 
HLB values have properties that make them useful as detergents. 2 
In the case of rhamnolipid producing bacteria, biosurfactants are produced as 3 
mixtures of structurally similar compounds that vary in the number of fatty acid chains and 4 
the length of the fatty acids, both of which affect their interactions with various substrates 5 
and their bioavailability towards different strains of bacteria (Zhang and Miller, 1995).  6 
Rhamnolipids are produced by a wide variety of bacteria and have four main 7 
structural types that include mono- and di-rhamnolipids, and the methyl esters of mono- and 8 
di-rhamnolipids. All four types can occur in the same mixture, with different compositions 9 
depending on the growth substrate and producing bacterium. The effect of structural 10 
variations on bioavailability and surface tension reduction has recently been examined 11 
systematically for lipopeptides that vary in the length of the hydrocarbon chain and degree of 12 
saturation for different lipids (Youssef et al., 2007). In the cited research, the degree of 13 
reduction in interfacial activity with toluene was improved for mixtures of biosurfactants 14 
having heterogeneous mixtures of different fatty acids. Mixtures of rhamnolipid and 15 
lipopeptide were shown to be more effective for lowering interfacial tensions. Also mixtures 16 
of surfactants with specific fatty acids behave in different ways: interfacial tensions between 17 
toluene and water decreased as the proportion of a C-14 lipid increased in the mixture; 18 
whereas, lipopeptides mixed with a C-12 branched lipid were more effective for solubilizing 19 
hexane and decane. These results highlight the potential ability to create specific 20 
formulations of surfactants for different purposes, and the ongoing effort to predict the 21 
properties of different surfactant mixtures based on their composition and the characteristics 22 
of individual components of the mixture. 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
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Table 2.1. Microbial-derived biosurfactants 1 
Low molecular weight surfactants 2 
 
Class 
 
 
Producing 
Microorganism 
 
Application/ Use 
 
Reference 
Rhamnolipids 
 
P. aeruginosa 
Pseudomonas spp. 
 
Enhanced degradation and 
dispersion of different classes of 
hydrocarbons 
Emulsification of hydrocarbons  
Removal of metals from soil  
 
Rendell et 
al.,1990  
Arino et al.,1996 
Sim et al.,1997 
Lang and 
Wullbrandt, 1999 
Trehalose 
lipids 
 
R. erythropolis 
A. paraffineus 
Corynebacterium spp. 
Mycobacterium spp. 
. 
Enhanced bioavailability of 
hydrocarbons 
 
 
Ristau and 
Wagner, 1983 
Kim et al.,1990 
Lang and Philip, 
1998 
Sophorolipids Rothobacter sp. 
Mycobacterium sp. 
Soil decontamination, 
 
 
Inoue et al., 1986 
Lemal et al., 1994 
Glycolipids A.borkumensis  
Rhodococcus sp. 
Candida apicola 
Serratia marcesecens 
P. aeruginosa 
 
Bioremediation of oil contaminated 
soil 
Removal of heavy metals 
 
 
 
Golyshin et 
al.,1999 
McCray et al., 
2001 
Noordman et al., 
2000 
Sandrin et al., 
2000 
Mulligan et al., 
2001a 
 3 
High molecular weight surfactants 4 
 5 
 
Class 
 
 
Producing 
Microorganism 
 
Application/ Use 
 
References 
RAG-1 
Emulsan 
BD4 Emulsan 
 
A. calcoaceticus RAG-1 
A. calcoaceticicus 
BD413 
P. fluorescens 
Stabilize emulsions 
Cleaning and recovery of 
hydrocarbon residues 
Rosenberg et al.,1979 
Kaplan and 
Rosenberg, 1982 
Persson et al.,1988 
Alasan 
 
 
A. radiorestence KA53 Hydrocarbon compounds 
PAH degradation  
Navon-Venrzia et 
al.,1995 
Ben Ayed et al., 2013 
Kobayashi et al., 
2012 
Manann lipid 
protein 
C. tropicalis Emulsification of various 
hydrocarbons 
Kaeppeli et al., 1984 
 
Liposan 
 
C. lipoytica Efficient stabilization oil-in-
water emulsions with a 
variety of commercial 
vegetable oils. 
Cirigliano and 
Camam, 1984, 1985 
 
 12 
 
Protein 
complex 
 
M. thermoautotrophium Well-bore cleanup and 
mobility agent in saline or 
thermophilic oil reserves  
De Acevedo and Mc 
Inemey, 1996 
 
 
Lipopeptide 
Viscosin 
Surfactin 
 
 
Arthrobacter spp. 
Bacillus polymxya 
Streptomyces tendae  
B. licheniformis  
B. subtilis 
Bioemulsification 
Surface motility  
Biofilm formation and 
colonization 
Horowitz and 
Griffen, 1991 
Lin et al.,1994 
Yakimov et al.,1995 
Neu and Poralla, 
1990 
Wei and Chu, 1998 
Streptofactin 
Corynomycoli
c acids 
 
N. erythropolis 
C. lepus 
 
Biodegradation of 
tetrahydrofuran cellulose 
production 
Enhancement of bitumen 
recovery 
MacDonald et 
al.,1981 
Cooper et al.,1981 
 
Phospholipids 
Fatty acids 
 
Acinetobacter spp. 
T. thiooxidans 
Metal ion sequestration  
 
Kaeppeli and 
Fimerty, 1980 
Beebe and Umreit, 
1971 
Hong et al.,1998 
PM factor P. marginalis Emulsifier  
Polycyclic aromatic 
hydrocarbon (PAH)  
Burd and Ward, 
1996a 
Burd and Ward 
1996b 
 1 
2.1.3.2. Plant-Derived Biosurfactants. Many surface-active molecules are derived from 2 
plant materials. The most common plant derived biosurfactants are saponins, lecithin, soy 3 
protein, cyclodextrins and a category referred to as humic like substances. Different plant 4 
derived biosurfactants along with their sources are summarized in Table 2.2. Among the 5 
plant-derived biosurfactants, lecithin is the most widely used, and is predominantly 6 
manufactured from soybean oil seed, which is an abundant, low cost feedstock. There is also 7 
interest in the use of biosurfactant-producing plants for phytoremediation of soil 8 
contaminants, or for adding of plant wastes containing biosurfactants to stimulate of pollutant 9 
degraders. 10 
 11 
 12 
 13 
 14 
 15 
 16 
 13 
 
Table 2.2. Plant-derived biosurfactants 1 
 2 
 
Class 
 
Source 
 
Application/ Use 
 
References 
 
Saponin 
Soapberry Removal of Ni, Cr and 
Mn from contaminated soils 
Maity  et al., 2013 
Quillaja Chromium recovery Kilic et al., 2011 
Sigma 
Chemical Co.  
Enhanced desorption of PCB and trace 
metal elements (Pb and Cu) from 
contaminated soils 
Cao et al., 2013 
Soapberry Removal of Cu, Pb and Zn from 
contaminated industrial soils 
Yuan et al., 2008 
Chinese 
soapberry 
For enhancing washing of phenanthrene 
contaminated soil 
Zhou et al., 2013 
Quillaja 
 
Desorption of Cu(II) and Ni(II) from 
kaolinite 
Chen et al., 2008 
Fruit 
pericarps of 
Ritha 
Enhanced solubility and desorption of 
hexachlorobenzene 
Kommalapati et 
al., 1997 
Tea seeds Enhanced adsorption 
capacity for Cd (II) by P. simplicissimum 
Liu et al., 2011 
Tea Remove cadmium, lead and copper from 
aqueous solution 
Yuan et al., 2008 
 Quillaja bark Removal of heavy metals (Cd and Zn) Hong et al., 2002 
 
Humic acid-like 
substance  
Sigma 
Chemical Co. 
Removal of phenanthrene and Cd from 
contaminated soils 
Song et al., 2008 
Soapnut plant Removal of As(V) 
from Fe rich soil 
Mukhopadhyay et 
al., 2013 
Cyclodextrins Maize plant Tetrachloroethene  
solubilization/degradation 
Adani et al., 2010 
 3 
2.2. Production Media 4 
    2.2.1. Carbon Sources: A number of carbon sources have been used as growth substrates 5 
for biosurfactant production; including diesel, crude oil, glucose, sucrose, and glycerol 6 
(Desai and Banat, 1997; Ilori et al., 2005). Production of biosurfactants is usually induced by 7 
growth of microorganisms on hydrocarbons that are not miscible with water. This includes 8 
plant and animal oils, and petroleum hydrocarbons. Biosurfactants also can be produced by 9 
some bacteria using water-soluble compounds such as glucose, glycerol or ethanol (Guerra-10 
Santo et al., 1984; Cooper and Goldenberg, 1987; Palejwala and Desai, 1989). To lower the 11 
cost of production, much research has been conducted on the use of various agricultural 12 
products and waste materials as growth substrates for biosurfactant-producing bacteria that 13 
 14 
 
use these types of substrates for growth. Examples of the surfactant properties of 1 
biosurfactant mixtures that were produced by a strain of Pseudomonas sp. when supplied 2 
with different carbon sources are shown in Table 2.3 (adapted from Parthasarath and 3 
Sivakumaar, 2009). General results from these and other studies show that both the quality 4 
and quantity of biosurfactants are affected by the types of carbon sources used in the 5 
production process (Rahman and Gakpe, 2008). Olive oil also is a very good substrate that is 6 
commonly used in many laboratory studies, but is very expensive (Khopade et al., 2012). In 7 
the study highlighted in Table 2.3, the highest production of rhamnolipids that was produced 8 
by the strain of Pseudomonas used for this research was achieved using cashew apple juice 9 
(6 g L-1), whereas growing the same bacterium on fructose resulted in a surfactant mixture 10 
with the lowest critical micelle concentration, but also the lowest yield compared to other 11 
substrates. 12 
Table 2.3. Production of rhamnolipid on different carbon sources 13 
Carbon sources Surface tension 
(dyne/cm) 
CMC-1 Surfactant 
produced (g L-1) 
Glucose 28.5 16.2 4.8 
Fructose 31.7 1.7 2.4 
Glycerol 29.0 14.2 3.5 
Mannitol 28.4 14.9 3.9 
Olive oil 28.5 20.0 5.0 
Cashew apple juice 40.0 24.0 6.0 
(Data from by Parthasarath and Sivakumaar, 2009) 14 
While different carbon sources affect the types of biosurfactants that are produced in 15 
biosurfactant mixtures, they have no effect on the chain lengths of the fatty acids moieties 16 
part of individual biosurfactant molecules (Syldatk et al., 1985). Yields are also highly 17 
variable and depend on many factors especially the carbon to nitrogen ratio of the culture 18 
medium. Duvnjak and Kosaric , (1985) observed that a large amount of biosurfactant can be 19 
bound to the producing cells when grown in a medium containing glucose as a carbon source, 20 
but that addition of hexadecane facilitated the release of surfactant from the cells. 21 
Biosurfactant production also can be manipulated by switching substrates, using one carbon 22 
source to produce a large biomass, followed by addition of a water immiscible compound to 23 
 15 
 
trigger biosurfactant production (Robert et al., 1989). Yields of 5 to 10 g L-1 are typical for 1 
many production systems, but can be much higher. Lee and Kim (1993) showed that in a 2 
batch culture of the marine yeast Torulopsis bombicola, 37% of the carbon input used was 3 
channeled to produce 80 g L-1 of sophorolipid biosurfactants.  4 
2.2.2. C/N ratios: One of the main factors affecting surfactant production is the 5 
carbon to nitrogen (C:N) ratio of the growth substrate. It is speculated that depletion of 6 
nitrogen triggers biosurfactant production, enabling partial transformation of the substrate 7 
into a temporary carbon storage pool that can be further metabolized once nitrogen becomes 8 
available again. In this regard, biosurfactant production can also be induced by depletion of 9 
phosphorus and other nutrient elements (Amezcua-Vega et al., 2004). Nitrogen limitation not 10 
only causes the over production of biosurfactant but also changes the composition of the 11 
biosurfactant mixture that is produced. Results of one such study (Khopade et al., 2012) 12 
showed the effects of different C:N ratios on the emulsification and surface tension 13 
properties of biosurfactant mixtures produced by the marine actinomycetes, Nocardiopsis sp. 14 
strain B4 as shown in Fig. 2.2 and found that a C:N 20:1 gave the best production and 15 
surfactant with the highest emulsification activity. In this case, the bacterium was grown on 16 
used olive oil and phenylalanine as carbon and nitrogen sources, respectively. Use of 17 
ammonium salts to supply nitrogen resulted in loss of pH control. Thus both C:N ratio and 18 
carbon and nitrogen source need to be optimized individually for maximum production. 19 
             20 
Fig. 2.2. Effect of C:N ratio on biosurfactant production by Nocardiopsis st. B4 during 21 
growth on olive oil and phenylalanine as carbon and nitrogen sources. 22 
 16 
 
 Dhouha and Semia, (1996) studied the different carbon to nitrogen ratio on 1 
biosurfactant production using B. subtilis and they found a significant increase up to 900 2 
mg/L by using C:N of 7:1. Cultures produced at greater C:N ratios had decreased 3 
biosurfactant production.   4 
2.2.3. Growth stage: Biosurfactant production is generally growth linked with 5 
maximum production often occurring during late log phase and stationary phase in cell 6 
cultures (Desai and Desai, 1993). In many bacteria, the production of biosurfactants is cell 7 
density dependent and is regulated by quorum sensing in which small signal molecules 8 
accumulate in the growth medium to a threshold level that induces the production of 9 
biosurfactants and other secondary metabolites (Brint and Ohman, 1995; Ron and Rosenberg, 10 
2002). Nonetheless, there are no fixed rules for cell cultures as many strain specific factors 11 
affect both the amount and timing of maximum biosurfactant accumulation in the medium, 12 
including the carbon source, C:N ratio, pH and metal ions.  13 
To optimize biosurfactant production using a previously uncharacterized 14 
microorganism, it is necessary to peform a series of studies to determine the factors that are 15 
associated with peak production values by measuring decreases in surface tension and 16 
emulsification properties of the culture medium with time. An example of the dynamics in 17 
biosurfactant production is shown in Figure 2.3, which is taken from a study aimed at 18 
optimizating biosurfactant production by Azotobacter vinelandi (Qomarudin et al., 2008). In 19 
this research, experiments were conducted to optimize the glucose and alkane concentrations 20 
in the growth medium, along with nitrogen concentrations, during which time, the presence 21 
of biosurfactants was monitored over time as shown as in Fig. 2.3. In this case, the 22 
production of EPS is growth-linked, corresponding with increases in optical density. 23 
Maximum levels of EPS and fatty acid biosurfactants in the medium occurred at 16 hours 24 
during early exponential phase, after which the fatty acid based biosurfactant levels rapidly 25 
decreased and then held steady. The EPS component of the biosurfactant mixture remained 26 
relatively level between 16 and 40 hours and then decreased as the culture entered stationary 27 
phase. In similar types of studies on other organisms, peak production is observed at other 28 
times, with many studies showing maximum accumulation during stationary phase. In the 29 
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case of pseudomonads, forced entry into stationary phase by nitrogen depletion results in 1 
maximum accumulation (Velraeds et al., 1996). 2 
           3 
Fig. 2.3. Time course study of biosurfactants production with 2% glucose as a carbon source 4 
(Qomarudin et al., 2008). 5 
2.2.4. Genetics and Biosynthesis of Biosurfactants Producing Microorganism: 6 
 The genetics of biosurfactant production has been studied for a few microorganisms 7 
using naturally occurring mutants or by transposition-induced gene knockouts (Georgiou et 8 
al., 1990; Desai and Desai, 1993;; Reiser et al., 1993; Desai et al., 1994) and most recently 9 
using cDNA expression analysis (Mohammad et al., 2011). The process of selection and 10 
screening of such mutants has been difficult, as many genes are involved in biosurfactant 11 
production and the main criterion for evaluating the contribution of individual genes is 12 
reflected downstream only by changes in biosurfactant production, which are already 13 
affected by various interacting nutritional and environmental factors. Furthermore, mutations 14 
to genes affecting biosurfactant production can be lethal, especially those that affect 15 
production of high molecular weights biosurfactants that constitute essential components of 16 
the cell envelope.  17 
The best-studied organisms in which the genetics of biosurfactant production have 18 
been investigated are the pseudomonads that produce rhamnolipids. Biosurfactant production 19 
by Pseudomonas sp. is regulated in relation to cell density via quorum sensing, and in P. 20 
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aeruginosa is expressed during pathogenesis. It is presumed that similar regulatory 1 
mechanisms function in nonpathogenic pseudomonads that are of interest for biotechnology. 2 
With further understanding of the molecular signals that regulate biosurfactant production, it 3 
may be possible to obtain better control of surfactant production to produce large quantities, 4 
or to trigger biosurfactant production by indigenous bacteria in contaminated soils and 5 
sediments. The genetics of rhamnolipids biosynthesis in P. aeruginosa are under control of 6 
the rhlABR gene cluster, which is responsible for the synthesis of RhlR regulatory protein 7 
and rhamnosyl transferase (Ochsner et al., 1994; Ochsner et al., 1995). The rhamnosyl 8 
transferase complex is located in the cytoplasmic membrane and consist of a dual protein 9 
complex having a 32.5 kDa RhlA protein that has two putative membrane spanning domains 10 
and an exterior domain that functions as a signal receptor. The second component of the 11 
complex is a 47-kDa RhlB protein that is located in the periplasm. Two other genes involved 12 
in regulation of rhamnolipid production are rhlR, which encodes a 28-kDa transcriptional 13 
activator, and rhlI, which encodes the autoinducer synthetase enzyme that produces the 14 
quorum sensor signal molecule. 15 
A study showed that genes encoding lipopolysaccharide biosurfactant production in 16 
the bacterium, Bacillus subtilis SK320 could be cloned into E. coli to produce recombinant 17 
strains that produced the surfactant when grown on olive oil (Sekhon et al., 2011). 18 
Production of the biosurfactants was also dependent on esterase activity, which was closely 19 
correlated with the amount of extracellular biosurfactant produced in culture. This suggest 20 
that it may be possible to generate highly efficient microbial factories for biosurfactant 21 
production using genes obtained from unculturable bacteria and inserting them into the 22 
genome of culturable bacteria that can tolerate different ranges of environmental conditions. 23 
2.3. Uses of Biosurfactants for Waste Treatment 24 
 2.3.1. Bioremediation of Hydrophobic Substances  25 
 Remediation of soil can be done through either excavation or in situ remediation i.e. 26 
soil washing (Mulligan et al., 2001a). Biosurfactants represent a promising tool for treating 27 
of non aqueous phase and soil bound organic pollutants (Robinson et al., 1996). 28 
Rhamnolipids are the most widely studied biosurfactants for enhancing bioavailability and 29 
biodegradation of organic contaminants. These include polycyclic aromatic hydrocarbons 30 
(PAHs), which are priority pollutants are generated by incomplete combustion. Low 31 
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molecular weight PAHs are easily degraded, but become increasingly insoluble as the 1 
number of aromatic rings increases.  PAH with four and five rings are largely insoluble, but 2 
still are of concern as mutagens and carcinogens. Low molecular weight PAHs can be 3 
degraded by many different bacteria, but their concentrations are often too low to support a 4 
high cell density of degrader bacteria and thus are considered recalcitrant. When mobilized 5 
by a biosurfactant, PAHs with three and four rings can be degraded, either by the surfactant 6 
producing bacterium, or by other PAH degrading bacteria that have the requisite enzymes, 7 
but that do not produce surfactants themselves. In this sense, biosurfactant-producing 8 
bacteria can be considered keystone microorganisms in that they can control the 9 
bioavailability of the pollutant as a carbon substrate for microbial growth. 10 
There are two mechanisms by which biosurfactants increase hydrocarbon 11 
bioavailability. When biosurfactants are present in the medium at concentrations below their 12 
CMC, the biosurfactant intercalates between the hydrophobic substance and the soil matrix to 13 
displace the substance from the soil. The surfactant also binds to the cell walls of 14 
microorganisms and alters the hydrophobicity and attachment of bacteria. At concentrations 15 
above the CMC, the hydrophobic substance partitions into the micellar cores (Deshpande et 16 
al., 1999; Wang and Mulligan, 2004; Mulligan, 2005). Concentrations above the CMC are 17 
generally used for soil washing; whereas sub CMC concentrations are often more effective 18 
for stimulating biodegradation by promoting desorption, but do not result in physical 19 
protection of the contaminant within the micelles that form above the CMC (Herman et al., 20 
1997). 21 
The relative bioavailability of the target compound depends upon the type of 22 
surfactant and its charge, the surfactant concentrations (Barkay et al., 1999), hydrophobicity, 23 
and interactions of surfactants with the soil (Makkar and Rockne, 2003). Anionic surfactants 24 
have the lowest adsorption and are repelled from the soil cation exchange complex, and thus 25 
are the most commonly used. At concentrations above the CMC, surfactants can the inhibit 26 
biodegradation process (Makkar and Rockne, 2003; Mulligan and Yong, 2004; Mulligan et 27 
al., 2001b). Various reason for this phenomenon include toxicity to microbial cells, enzyme 28 
inhibition, decreased bioavailability within the micelle core, or the production/accumulation 29 
of toxic compounds that inhibit the biodegradation process. The efficiency and cost of 30 
surfactant-enhanced bioremediation can be increased by lowering the concentration of 31 
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surfactants to optimal levels as determined by feasibility studies in the laboratory (Cameotra 1 
and Randhir, 2010).  2 
In the field, mixtures of surfactants can also be useful for stimulating bioremediation 3 
(Nguyen et al., 2008). In a study with rhamnolipid used in combination with three alkyl 4 
propoxylated sulfate synthetic surfactants, addition of rhamnolipid decreased the interfacial 5 
tension values by one to two orders of magnitude over that achieved with individual 6 
surfactants. Das and Mukherjee, (2007) investigated the effect of three biosurfactant 7 
producing-bacteria Bacillus subtilis DM-04, Pseudomonas aeruginosa st M and 8 
Pseudomonas aeruginosa st. NM on biodegradation of crude oil contaminated soils. They 9 
found that the bioaugmentation of studied soils with the selected consortium gave a reduction 10 
in TPH levels from 84 to 21 g kg-1 soil over an uninoculated control (83 g Kg-1 of soil). 11 
Wang et al., 2008 conducted a study on biodegradation of diesel contaminated wastewater 12 
using two different biosurfactants, surfactin (from Bacillus subtilis) and rhamnolipids 13 
(Pseudomonas aeruginosa). They found that adding of 40 mg/L of surfactin or rhamnolipids 14 
to diesel/water mixtures significantly enhanced the biodegradation of diesel (94 %) and 15 
increased biomass growth over the unamended control treatment. In studies testing the 16 
effects of biosurfactant on degradation of different PAHs varying in molecular weight and 17 
the number of aromatic rings, Martinez-Checa et al., (2007) isolated a bioemulsifier-18 
producing strain of Halomonas eurihalina and tested it for bioremediation for 96 h in liquid 19 
culture medium supplemented with naphthalene, phenanthrene, fluoranthene and pyrene. 20 
Efficiency of the isolated strain was confirmed by measuring the residual concentration of 21 
fluoranthene (56.6%) and pyrene (44.5%) whicg was higher than naphthalene (13.6%) and 22 
phenanthrene (15.6%). Thus while the surfactant improved bioavailability of all of the PAH, 23 
the degradation rates followed the same expected pattern in which low molecular weight 24 
PAH are more easily degraded than higher molecular weight PAH. 25 
2.3.2. Removal of Heavy Metals From Contaminated Environments. 26 
 Introduction of heavy metals into soil and water via industrial waste streams is very 27 
hazardous for the environment and human health (Pacwa-Płociniczak et al., 2011). There are 28 
many remediation technologies available including excavation, landfill and use of plants and 29 
microorganisms. Heavy metals are not biodegradable but they can be transformed from toxic 30 
to less toxic forms by redox reactions that determine the types of minerals that form by 31 
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reaction of metals with counter ions. One of the major problems in remediation of heavy 1 
metals is their toxicity to microorganisms. Some biosurfactants and bioemulsifiers form 2 
complexes with metals that enable soil washing. The Mechanistic role of biosurfactants in 3 
removing heavy metals is shown as Fig. 2.4.  4 
 5 
      6 
 7 
    8 
Fig. 2.4. Mechanism of biosurfactants for removal of heavy metals from contaminated soil 9 
(adapted from Pacwa-Plociniczak, et al., 2011; Mulligan, 2005). 10 
The use of biosurfactants for heavy metal removal from soils is still a very active area 11 
of research. Juwakar et al., (2008) investigated the effect of rhamnolipid biosurfactants on 12 
the removal of multi-metal contaminated soil in packed columns to which 0.1% di-13 
rhamnolipids solution were applied. They found that di-rhamnolipids selectively removed the 14 
heavy metals from soil in the order: Cd=Cr>Pb=Cu>Ni. A similar study by Das et al., (2009) 15 
used biosurfactants isolated from marine yeasts and studied their efficacy for removal of 16 
heavy metals from solution. Wang and Mulligan, (2004) investigated a rhamnolipid foam 17 
technology for metals removal from sandy soils. They suggested that application of a 18 
rhamnolipid applied as foam could significantly increase metal removal over that obtained 19 
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using a solution form of the surfactant. They found the foam rhamnolipid increased the 1 
efficiency of extraction of Cd and Ni by 73% and 68% respectively, a compared to 62% and 2 
51% removal, respectively when rhamnolipid was used in a solution form.    3 
 Biosurfactants play a significant role in arsenic mobilization by reducing the surface 4 
and interfacial tension between arsenic and mine tailings, as they are helpful in developing 5 
micelles that sequester the arsenic and increase the wettability of the mine tailings. 6 
Gnanamani et al., (2010) studied the potential application of biosurfactants produced by 7 
Bacillus sp. MTCC 5514 for bioremediation of chromium-contaminated soils. They observed 8 
that the chromium was first reduced from the Cr (VI) for to less soluble Cr (III) by the 9 
synthesis of an extracellular chromium reductase, which was then followed by entrapment of 10 
Cr (III) by the biosurfactant. The combined action of these processes bacterial cell provided 11 
increased tolerance to high concentrations of chromium.  12 
 Chen et al., (2011) investigated the effect of rhamnolipids (biosurfactants) and 13 
chemical synthesized surfactants (SDS, Tween) on separation of Hg ions from artificially 14 
contaminated water by a foam fractionation process. They found that highest Hg recovery by 15 
surfactants was achieved by using biosurfactants as compared to the synthetic surfactants, 16 
SDS and Tween 80. Zeftawy et al., (2011) conducted a study to investigate the role of 17 
rhamnolipids to remove heavy metals from wastewater by micelle-enhanced ultrafiltration. 18 
After optimization of different factors by response surface methodology, they found that the 19 
initial biosurfactant concentration play a key role in developing a system suitable for heavy 20 
metal removal. They concluded that a rhamnolipid based ultrafiltration techniques is efficient 21 
for removal of cadmium (Cd), lead (Pb), copper (Cu), zinc (Zn), and nickel (Ni) from 22 
contaminated industrial waste water. Gao et al., 2012 conducted a similar type of study for 23 
removal of different heavy metals (Pb, Cr and Ni) from the sludge of industry water by the 24 
application of biosurfactants (saponins and sorpholipids). They found out that the saponins 25 
having carboxyl group showed better metals removal efficiency (90-100%) in polluted 26 
sludge than sorpholipids, using a precipitation method with an alkaline solution to remove 27 
the metals.  28 
 Zouboulis et al., (2003) conducted a study on the use of biosurfactants for flotation 29 
processes for removal of heavy metals. They used a two staged separation process called 30 
sorptive flotation. Under optimized condition better flotation was obtained with 31 
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biosurfactants compared to synthetic surfactants under similar conditions.  Kiliç et al., (2011) 1 
conducted a comparative study for the Cr recovery from tannery sludge by using saponins, a 2 
plant derived biosurfactant, over a pH range from 2-3. They found that treatment of tannery 3 
sludge with saponins extracted 24% of the Cr. They suggested that the extraction efficiency 4 
of saponins is strongly dependent on the organic matter content of the sample, which affects 5 
chromium mobility due to its high adsorption capacity.  6 
2.4. Biostimulation and in-situ Biosurfactant Production   7 
Remediation can be performed by ex-situ excavation and land farming (Straube et al., 8 
1999) or by in situ methods using soil inoculants or biostimulants (Mulligan et al., 2001a). 9 
Most research on in-situ biosurfactant production has been for use of biosurfactants in 10 
microbial enhanced oil recovery (MEOR), (Al-Bahry et al., 2013). In-situ production of 11 
biosurfactants can be accomplished by biostimulation of indigenous bacteria using 12 
hydrocarbon rich substrates such as soybean oil, or by adding a superior biosurfactant-13 
producing bacteria (bioaugmentation), and addition of appropriate growth substrates to 14 
support growth and biosurfactant production.  15 
In a study comparing the rates of degradation of petroleum hydrocarbons in soil 16 
amended with molasses and inoculated with the surfactant producing and oil degrading 17 
bacterium P. cepacia, additing the bacterium and surfactant together resulted in the fastest 18 
degradation, followed by the treatment receiving the biosurfactant the slowest degradation 19 
occurring in soil treated only with the degrader bacterium (Silva et al., 2014). Nonetheless, 20 
while degradation rates were significantly increased over the first thirty days, the difference 21 
in degradation after one month may not warrant the added cost of using purified 22 
biosurfactant. In the cited experiment, all of the treatments achieved the same degradation 23 
endpoint, with 95 % hydrocarbon degradation at one month in all treatments. Similarly Kang 24 
et al., (2010) investigated the biodegradation potential of sorpholipids on aliphatic and 25 
aromatic hydrocarbon and Iranian light crude oil under lab conditions. They observed that 26 
surfactants enhanced the total petroleum hydrocarbon degradation from 85% in nontreated 27 
soils to 97% in treated soils, and suggested that sorpholipids have potential for facilitating the 28 
bioremediation of hydrocarbon contaminated sites having limited water solubility and 29 
bioavailability to microorganisms. 30 
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The use of surfactants and biosurfactants for bioremediation of soils has been 1 
reviewed (Megharaj et al., 2011). Earlier studies on the potential applications of 2 
biosurfactants that were conducted in the 1990s are reviewed by Banat and coworkers (Banat 3 
et al., 2000). Inadequate supply of carbon and other nutrients to sustain the growth of 4 
microorganism may affect the bioremediation process (Odokuma and Dickson, 2003; Ward 5 
and Singh, 2004). For this reason, various inducing substrates or low cost nutrient 6 
amendments are often added to stimulate the degradation process, for example, peanut or 7 
soybean oil cake, and yeast extract are common soil biostimulants. Abiotic factors can also 8 
affect the bioremediation process, because oxygen is the most limiting factors among all. 9 
Oxygen can be manipulated through physical processes (landforming, composting) or 10 
addition of chemicals (such as hydrogen and manganese peroxide) techniques to stimulate 11 
the microbial communities (Ward and Sing, 2004). One of the challenges of supplementing 12 
mineral nutrient fertilizers to stimulate biodegradation of hydrocarbons is to introduce the 13 
fertilizers in a form that will partition into the hydrocarbons. To this end, Churchill et al., 14 
(1995) found that addition of rhamnolipids along with oleophilic fertilizer inipol EAP-22 was 15 
effective for enhancing the degradation of hexane, benzene, toluene and naphthalene both in 16 
liquid and soil cultures. 17 
Another approach to in-situ use of surfactants is to cultivate plant species that 18 
produce biosurfactants or phytoremediation. Plants vary in their ability to produce surfactants 19 
and to stimulate hydrocarbon and PAH degrading bacteria. Among natural biosurfactants that 20 
are produced by plants are root mucilages, which are similar to bacterial extracellular 21 
polysaccharides. Mucilage facilitates soil wetting, but also can mobilize PAHs. Another 22 
chemical that serves as a powerful biostimulant for PAH degradation is linoleic acid, which 23 
is a component of plant cell membranes. Plants with high concentrations of linoleic acid in 24 
their root tissues such as tuberous plants, radish, carrot, celery root, can be added directly to 25 
soils, or linoleic acid can be added directly to soils to enhance PAH degradation (Yi and 26 
Crowley, 2007). 27 
Co-contaminated matrices represent a complex problem in the bioremediation 28 
processes because the biodegradation of organic pollutants could be suppressed by the 29 
simultaneous presence of high levels of metals, thus imposing a double stress on the 30 
microbial populations. Remediation of persistent polycyclic aromatic hydrocarbons along 31 
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with heavy metal contamination from soils is generally a slow and expensive process. In such 1 
conditions biosurfactants assisted phytoremediation provides a good tool to deal with an 2 
existing problem. To remediate heavy metal contaminated sites phytoremediation could be 3 
enhanced by inoculation of biosurfactants-producing microorganism along with heavy metal 4 
resistant one. In this dual strategy, the toxicity of metals can be reduced enhancing 5 
remediation of co-contaminated sites (Pacwa-Płociniczak et al., 2011). In one study Sheng et 6 
al., (2008) reported the use of Bacillus sp. J119 strain as a plant growth promoting bacterium 7 
that enabled improved plant tolerance of Cd uptake by rape, maize, sudangrass and tomato. 8 
They found that the tested strain has the potential to colonize the roots of all the tested plants, 9 
but that it was most effective with tomato plants. Further work on biosurfactant-assisted 10 
phytoremediation is required to determine the role of biosurfactants in plant microbial 11 
interactions. 12 
2.5. Conclusions 13 
Biosurfactants are comprised of a wide range of chemical substances that have 14 
amphiphilic properties that enable them to solubilize and sequester hydrophobic substances 15 
by formation of micelles and emulsions. They also function for increasing the bioavailability 16 
of organic pollutants to degrading microorganisms, and some biosurfactants can be used to 17 
extract heavy metals from soils. Given these many functions, they play a pivotal role in 18 
biodegradation of organic contaminants. In-situ production of biosurfactants is possible 19 
either by soil inoculation, biostimulation with specific substrates, or by providing a suitable 20 
facilitating environment, such as the plant rhizosphere where compounds such as 21 
polysaccharides in root mucilage and fatty acids in plant root tissues can also function as 22 
surfactants. Much of the research on biosurfactants carried out over the past decade has 23 
sought to increase the cost competitiveness of biosurfactants with lower cost synthetic 24 
surfactants. It has been shown that commercial production can be accomplished using 25 
renewable low-cost substrates in combination of mathematical, statistical and soft computing 26 
models approach for estimating optimum yield of biosurfactant production. Other research 27 
directions include studying the mechanisms involved in biosurfactant-assisted bioremediation 28 
including their adsorption behavior in soils, micellar and submicellar solubilization of 29 
organic hydrocarbons.  30 
 31 
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Chapter 3 1 
MATERIALS AND METHODS  2 
 3 
3.1. Isolation and Screening of Biosurfactant-Producing Bacteria From the Crude oil 4 
Contaminated Sites 5 
A series of laboratory experiments were conducted to isolate and examine the potential of 6 
bacteria capable of producing biosurfactants and biodegradation of PHE in soil and soil-7 
water system. The details of these experiments are described as below. 8 
3.1.1. Collection of Soil Samples 9 
The samples were collected from crude oil contaminated soil near PSO oil depot in Farid Kot 10 
(300 10′ 22.28′′ N, 700 58′ 35.7′′ E), Muzaffar Garh (Punjab, Pakistan) using the procedure 11 
described by Bodour and Miller-Maier (2000). Briefly, the surface contaminated soil layer 12 
was selected. The geographical location of the sampling site is presented in Fig. 3.1. A total 13 
of 12 soil samples were collected from the surface layer and upto 15 cm depth. Based on the 14 
sampling location (PSO Oil Depot, Farid Kot), these samples were designated as FKOD. 15 
Each sample was put into 250 mL sterile Erlenmeyer flasks. The flasks were covered with 16 
sterile cotton wool in order to prevent any external contamination. The samples were 17 
transported to the laboratory for the isolation of biosurfactant-producing bacteria.  18 
 19 
Fig. 3.1. Geographical location of the sampling site 20 
 21 
Sampling site 
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3.1.2. Reagents and Chemicals  1 
Mineral salt (MS) medium was used to isolate biosurfactant-producing bacteria. The 2 
composition of MS media was (g/L): Na2HPO4, 0.28; KH2PO4, 1.14, NH4NO3, 3.00; K2SO4, 3 
0.36; MgSO4.7H2O, 0.154; CaCl2.2H2O, 0.023; FeSO4.7H2O, 0.038; NaCl, 0.10; yeast 4 
extract, 0.5. One-mL trace element stock solution was added per liter of MS medium. The 5 
composition of trace elements composition (g/L) was KI, 0.83; CoCl2.6H2O, 0.048; 6 
Na2MoO4.2H2O, 0.048; CuSO4.5H2O, 0.125; H3BO3, 0.01; MnSO4.4H2O, 0.223; ZnCl2, 7 
0.287. The pH of the medium was adjusted to 6.8 using HCl and NaOH solutions.  8 
Tryptic soy broth (TSB) medium: TSB soybean-casein digest medium (BactoTM, 9 
Difco) with a pH of 7.3 was used to culture pure strains screened from soil samples. It 10 
contained 17.0 g/L of pancreatic digest of casein, 3.0 g/L of enzymatic digest of soybean 11 
meal, 2.5 g/L of dextrose, 5.0 g/L of NaCl and 2.5 g/L of K2HPO4 . 12 
 For degradation studies, phenanthrene (Purity, 98%), 9C14 PHE (specific activity, 13.3 13 
mCi/mmol), acetone, scintillation cocktail (Scintisafe Econo 1) were purchased from Fisher 14 
Scientific, USA. All reagents were of analytical grade and were used as received without any 15 
further purification. 16 
3.1.3. Isolation of Biosurfactant-producing Bacteria 17 
The crude oil contaminated soil samples (5 g) were suspended in 95 mL sterile phosphate 18 
buffer solution PBS solution in 250 mL conical flasks and incubated at 20 oC on a shaker at 19 
200 rpm for 12 h. Then, 5 mL suspension from each flask was inoculated to 50 mL MS broth 20 
media culture amended with 1% (v/v) crude oil and cultured under the same conditions (20 21 
oC and 200 rpm) for 48 h. The crude oil was obtained Fisher Scientific USA.  One mL of 22 
trace elements solution was also added to flasks containing 1000 mL MS medium. The flasks 23 
were sealed with aluminum foil. One mL subcultures were subsequently inoculated into fresh 24 
batches of 50 mL flasks and incubated at the same conditions. The procedure was repeated 25 
thrice to enrich microbial cultures and increase their population density. After three cycles of 26 
the enrichment, 50 μL of each resulting culture was spread onto MS bacto agar plate and 27 
incubated for 7 days. The strains were purified by streaking agar plates as described by 28 
Oyarzabal (1999). Morphologically distinct colonies were streaked three times on fresh agar 29 
plates to obtain pure cultures. The pure cultures were transferred to Tryptic soy broth (TSB)   30 
and stored at 4 oC in a refrigerator.  31 
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3.1.4. Screening of Biosurfactant and Bioemulsifier-Producing Isolates 1 
3.1.4.1. Qualitative Evaluation of Biosurfactants 2 
 Cell-free filtrate prepared by centrifugation is necessary for biosurfactant purification and 3 
recovery. The filtrate was centrifuged at 12000 g for 30 min and the cell-free supernatant was 4 
collected. 5 
 Primary screening of biosurfactant and bioemulsifier-producing isolates was 6 
performed using the qualitative drop-collapse test as described by Jain et al. (1991) and 7 
Miller-Maier (1998). This test was performed out in the polystyrene lid of a 96-microwell 8 
(12.7 cm × 8.5 cm) plate (Biolog Inc., Harward, CA, USA). Before the test, each lid was 9 
rinsed three times with hot water, ethanol, and distilled water and then dried. After 10 
preparation, each microwell was coated with a thin layer of oil. A total of 2 μL motor oil was 11 
applied to the well regions delimited on the covers of 96-well microplates. These covers were 12 
left to equilibrate for 24 h to ensure a uniform oil coating. Five microliters of aliquot with 13 
seven-day enriched cultures were transferred to the oil-coated well regions using a 25 μL 14 
glass syringe (by holding the syringe at an angle of 45◦). The syringe was rinsed three times 15 
with water and then with acetone before the addition of each sample. The drop size was 16 
observed 1 min later with the aid of magnifying glass. The result was considered to be 17 
positive for biosurfactant production when the drop diameter was at least 1 mm larger than 18 
that produced by deionized water (Batista et al., 2006). Each test was performed in five 19 
replications. 20 
3.1.4.2. Quantitative Measurement of biosurfactant production 21 
3.1.4.2.1. Reduction in Surface Tension (dyne/cm) 22 
A sample cell free supernatant was taken from the culture and centrifuged at 8500 rpm for 20 23 
min at 4 oC to remove the microbial cells. The supernatant was used for surface tension 24 
measurement using a du Nöuy ring-type method on a Model 10 tensiomat (Fisher Scientific 25 
USA). Control was set where no inoculation was done. The surface tension measurement was 26 
done at room temperature after dipping the platinum ring in the solution for few seconds in 27 
order to attain equilibrium condition. For the calibration of the instrument, the surface 28 
tension of pure water was first measured. This procedure was repeated three times and 29 
surface tension of the sample was expressed as the average. The following formula was used 30 
to determine the surface tension reduction (dyne/cm): 31 
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Surface tension reduction= Recorded surface tension in the media (before inoculation) -  1 
           Recorded surface tension after inoculation (culture supernant) 2 
 3 
3.1.4.2.2. Emulsifying Capacity (E24%) 4 
Emulsifying capacity of each isolate was evaluated using the method described by Bento et 5 
al. (2005). Two mL each of kerosene, diesel, or various vegetables oils were added to an 6 
identical amount of cell-free filtrate in a glass test tube with 15 mm diameter, and mixed for 7 
2 min by vortexing. The emulsion formed in the tube was covered with parafilm and then 8 
kept under room temperature. The height of the emulsion in the tube was noted after 1 min of 9 
aging and periodically thereafter up to 24 h to monitor the stability of the formed emulsion. 10 
Each experiment was performed out in triplicate. All glass and plastic devices were washed 11 
by HCl (0.1 M). The following formula was used to determine the emulsification index (E24 12 
%): 13 
            100
solution  totalofHeight 
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24 E       14 
An emulsion is considered as stable if E24 is to equal or more than 50%. The threshold level 15 
was adapted from the literature with a culture being considered promising if it creates 16 
emulsion capacity higher than 40% (Bosch et al., 1988). 17 
3.1.4.2.3. Oil Spreading Techniques 18 
The oil spread technique as described by Morikova et al. (2000) and Youssef et al. (2004) 19 
was used 50 mL of distilled water was added to Petri dishes followed by addition of 100 µL 20 
of crude oil to the surface of the water. Then, 10 µL of the culture filtrates was put on the 21 
crude oil surface. The diameter of the clear zone on the oil surface was observed . 22 
3.1.5. Hydrocarbon Degrading Capability: Biomass Estimation (g/L) 23 
In order to determine hydrocarbon degrading capability, isolates were grown on MSM 24 
amended with phenanthrene (1%). The biomass estimation (g/L) was done by taking sample 25 
from the culture broth after 7 days. The sample was centrifuged at 10,000 rpm for 20 min at 4 26 
oC. The cell pellets formed were then washed with 0.9% (w/v) NaCl solution. The dry weight 27 
was estimated (g/L) by drying the cell pellets in a hot air oven at 70 oC. The drying was 28 
continued until a constant dry cell weight was achieved.  29 
 30 
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3.1.6. Identification of the Microorganism Through 16S rRNA Gene 1 
The bacterial isolate that displayed highest biosurfactant production was selected and 2 
identified by partial 16S rRNA sequencing. Partial sequencing of the 16S rRNA genes was 3 
sequenced by the Institute for Integrative Genome Biology (University of California 4 
Riverside, Riverside, CA, USA). A sequence similarity to known bacteria was determined 5 
using the Greengenes database (DeSantis et al., 2006) and submitted to GenBank for 6 
accession numbers. A neighbor joining phylogenetic tree was constructed with aligned 16S 7 
rRNA gene sequences using 1000 bootstrap replications on Mega5 (Tamura et al., 2011). 8 
3.2. Detection, Purification and Structural Characterization of Biosurfactants Produced 9 
by Klebsiella sp. FKOD36 10 
3.2.1. Biosurfactant Production  11 
The biosurfactant-producing strain (Klebsiella sp. FKOD36) was streaked onto an agar plate 12 
and incubated at 42 oC for 24 h. A bacterial suspension was obtained by adding of 0.5% 13 
peptone (Difco) to the agar plates and adjusted to an optical density of 0.5 at 600 nm. Ten 14 
mL inoculum was transferred to an Erlenmeyer flask containing 500 mL MSM amended with 15 
2% soybean oil. The flasks were incubated in a rotary shaker incubator (250 rpm) at 30 oC 16 
for 10 days. 17 
3.2.2. Extraction of Biosurfactant (Rhamnolipids)  18 
 19 
The extraction was done according to the procedure described by Kuiper et al., (2004). After 20 
incubation, the cell culture was centrifuged at 13,000 g for 15 min at 4 oC. The supernatant 21 
was collected, harvested, and acidified by the addition of concentrated HCl to a pH of 2.0 22 
and precipitate allowed to form at 4 oC overnight. Biosurfactants (Rhamnolipids) were 23 
extracted continuously with ethyl acetate at room temperature. The mixture was shaken 24 
vigorously and then left static for phase separation. The organic phase was transferred to a 25 
rotary evaporator and a viscous honey-colored rhamnolipid product was recovered after 26 
solvent evaporation. The crude biosurfactant was obtained as a viscose brown colored 27 
material and expressed as g/L. 28 
3.2.3. Rhamnolipid Quantification 29 
Rhamnolipid concentration in the cell-free culture was estimated by measuring rhamnose 30 
concentration (Chandrasekaran and Bemiller, 1980). One milliliter of the cell-free culture 31 
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was mixed with 4.5 mL of diluted sulfuric acid and heated at 100 °C for 10 min. It was 1 
cooled to room temperature, mixed with 0.1 mL of freshly prepared 3% thioglycolic acid and 2 
incubated in darkness for 3 h. The absorbance was measured at 420 nm and the rhamnolipid 3 
concentration was calculated using a standard curve of L-rhamnose (99% purity, Sigma 4 
Aldrich USA) (Itoh et al., 1971; Benincasa et al., 2004). Rhamnolipid values were 5 
determined by multiplying rhamnose values by a coefficient of 3.4 obtained from the 6 
correlation [y= (0.0139x−0.0058) ×0.68] of pure rhamnolipids/rhamnose (Benincasa et al., 7 
2004). All experiments were conducted in three replications and controls were kept under 8 
similar conditions. 9 
3.2.4. Growth Kinetics and Extracellular Bioemulsifier Production 10 
3.2.4.1. Biosurfactant Production 11 
Biosurfactant production by Klebsiella sp. FKOD36 strain time was mathematically modeled 12 
following the equation proposed by Mercier et al. (1992) for lactic acid production.  13 
                                                    (1)                                                     14 
Where t is the time, P is the biosurfactant concentration, Pmax   is the maximum concentration 15 
of the biosurfactant, and Pr is the ratio between initial volumetric rate of product formation 16 
(rp) and initial product concentration Po. The model parameters Po, Pmax, and Pr were 17 
calculated from Klebsiella sp. FKOD36 growing in MSM. 18 
3.2.4.2. Biomass Production 19 
One mL of the broth culture was periodically sampled under sterile conditions and stored at 4 20 
°C for processing after the fermentation. The biomass was separated by centrifuging the 21 
samples at 10,000 rpm for 20 min at 4 °C. The cell pellets were washed three times with 22 
0.9% w/v saline (NaCl) solution. The dry cell weight was computed by drying the cell pellets 23 
in a hot air oven at 60-70 °C. The drying was continued until a constant dry cell weight was 24 
attained. Care was taken not to allow the cells to be charred. The biomass production over 25 
time was interpreted by the following equation.  26 
                        (2) 27 
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Where t is the time, X is the biomass concentration, Xmax   is the maximum concentration of 1 
biomass, and µmax is the ratio between initial volumetric rate of biomass formation (rp) and 2 
initial biomass concentration Xo. The model parameters Xo, µmax were calculated from the 3 
series of experimental data on biomass concentration/time.  4 
3.2.4.3. Soybean Oil Consumption 5 
The soybean oil concentration (mL/L) as a substrate was determined by the enzymatic 6 
colorimetric assay using a triglycerides kit (Bioclin-Quibasa, Brazil). Substrate consumption 7 
was calculated mathematically by following the model as given below. 8 
        (3) 9 
 Where  and  are the product yields for biosurfactants and biomass 10 
respectively, P and   are the final and initial biosurfactant concentrations (g/L), X and  11 
are the final and initial biomass concentrations (g/L) and finally. So is the initial soybean oil 12 
(mL/L). The model parameter ,   and So were calculated for isolated strain from the 13 
series of experimental data of soybean oil concentration/time and equation (1) and (2).  14 
  3.2.6. Purification, Detection and Structural Characterization of Crude Biosurfactant 15 
Liquid column chromatography was used for the separation of rhamnolipids according to the 16 
method described by Sim et al. (1997). The polar lipids were separated in a 26×3.3-cm 17 
column containing 50 g of activated silica gel 60-chloroform slurry. The column was loaded 18 
with 0.5 g sample of crude rhamnolipid prepared in 10 mL CHCl3 and washed with 19 
chloroform until the neutral lipids were completely eluted. Then, chloroform/methanol 20 
mobile phases were used in the order of 50:3 v/v (1000 mL), 50:5 v/v (200 mL) and 50:50 21 
v/v (100 mL) at a flow rate of 1 mL min−1. About 20 mL fractions were collected. A final 22 
wash with 50:50 chloroform/methanol was performed to remove any remaining fraction from 23 
the column. Fractions were combined and dried under vacuum with a rotor evaporator at 40 24 
°C under reduced pressure. 25 
 These different fractions collected were then subjected to preparative thin-layer 26 
chromatography (TLC). The samples were dissolved in 1 mL CHCl3, and 100 μL of each 27 
sample was applied to 20×20 silica gel TLC plate and developed in a 28 
chloroform/methanol/acetic acid (65:15:2 v/v/v) solvent system. Rhamnolipids standard (99 29 
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% purity, Sigma Aldrich USA) was used to detect and purify the rhamnolipids in crude 1 
sample. The silica gel scrapings of the separated spots were collected. The sample was 2 
extracted three times with 8 mL of CHCl3/CH3OH (1:2 v/v). The scraped sample was 3 
vortexed to centrifuged the silica gel for 10 minutes and solvent was removed by pipetting.  4 
  3.2.6.1. Structure Elucidation of Purified Biosurfactant by FTIR 5 
Information regarding the presence of different functional groups as well as molecular 6 
structure can be obtained from infrared spectroscopy. Purified biosurfactant sample was 7 
analyzed to confirm its functional groups by FTIR Nicolet (FT-IR Bruker, Impact 400 IR 8 
spectrophotometer) and infrared spectra that was recorded in a range from 4000 to 500 cm-1 9 
(Mudgil et al., 2012). 10 
  3.2.6.2. X-Ray Diffraction Analysis (XRD) 11 
X-ray diffractometry analysis of lyophilized samples of partially purified biosurfactant (in 12 
powder form) was analyzed by using an X-ray diffractometer (JDX 3532, JEOL, Japan). 13 
Measurements were carried out with a diffraction angle range of 5–60o at room temperature 14 
with a scan step of 0.01 (Mudgil et al., 2012). 15 
  3.2.6.3. Scanning Electron Microscopy-X-Ray Dispersive Spectroscopy (SEM-EDX) 16 
Scanning electron microscope (Hitachi S-2380, Japan) was used to analyze the surface 17 
morphology of purified biosurfactant sample in powdered form. To determine the elements 18 
present at the surface of the particular area of the biosurfactant sample, Electron Dispersive 19 
X-ray Spectroscopic analysis (SEM-EDX, Hitachi S-2380, Japan) was carried out by 20 
following the method described by Zia et al. (2013). 21 
3.2.7. Evaluation of Emulsification Index of Produced Biosurfactant Against Various 22 
Hydrocarbons  23 
Emulsifying capacity of the selected strain FKOD36 evaluated against different hydrocarbon 24 
sources vegetable oils and petroleum hydrocarbons. The vegetable oils used were, canola oil, 25 
grapseed oil, corn oil, soybean oil, and olive oil while petroleum hydrocarbons were, 26 
diffusion pump oil, petrol, diesel oil, silicon oil, n-hexane, mineral light oil, xylene and 27 
toluene. For emulsification index, each of the two hydrocarbon sources were added (2 mL) to 28 
equal amount of cell free filtration a glass tube and mixed thoroughly for 2 min by vortex. 29 
E24% was noted after 1 min and after 24 h to measure the stability of the emulsion. The 30 
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threshold level was adapted from the literature with a culture being considered promising if it 1 
created emulsion capacity higher than 40% (Bosch et al., 1988). 2 
3.3. Stability assessment and functional properties of biosurfactant produced by 3 
Klebsiella sp. FKOD36 4 
3.3.1. Biosurfactant stability assessment 5 
The applicability of biosurfactants can be conditioned by their stability to pH changes; thus 6 
the stability of the isolated crude biosurfactant was determined by measuring the surface 7 
tension of several samples prepared from the freeze-dried biosurfactant dissolved at a 8 
concentration of 124 mg/mL at different pH values (2–12). The surface tension of each 9 
sample was determined by the Ring method at room temperature (20 oC) as described above. 10 
Measurements were done in triplicate. Furthermore, the stability of the crude biosurfactant at 11 
different temperatures (10-100 oC) and salt concentrations (5-25%) was evaluated. For this 12 
purpose, several samples of the freeze-dried biosurfactant dissolved at a concentration of 124 13 
mg/mL in PBS (pH 7.0) were prepared and incubated at different temperatures (10-100 oC) 14 
for 120 h. Surface tension of each sample was determined as described above and all 15 
measurements were performed in triplicate. 16 
3.3.2. Functional Properties of Biosurfactant 17 
3.3.2.1. Critical Micelle Concentration Determination 18 
Critical micelle concentration (CMC) is the concentration of an amphiphilic component in 19 
solution at which the formation of micelles is initiated. It is important for several 20 
biosurfactant applications to establish their CMC as above this concentration no further effect 21 
is expected in the surface activity. The CMC was determined by plotting the surface tension 22 
as a function of logarithm of biosurfactant concentration and was found at the point of 23 
intersection between the two lines best fit through the pre- and post-CMC data. The 24 
concentrations ranging from 0 to 150 mg/mL of the crude biosurfactant were prepared in 25 
PBS (pH 7.0) and the surface tension of each sample was determined by the Ring method at 26 
20 oC.  27 
3.3.2.2. Cytotoxicity Test (Hemolytic activity) 28 
Human blood (3 mm) was mixed thoroughly with purified sample of biosurfactant and then 29 
poured into a 15 mL screw capped tube to centrifuge for 5 min according to the method of 30 
Tabasum et al. (2013). The supernatant was collected after centrifugation and the viscous 31 
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pellets were washed again for three times with phosphate buffer saline (PBS) (5 mL) 1 
solution. The washed cells were suspended in a final volume of 20 mL chilled, sterile PBS 2 
and the cells counted on a haemacytometer. Ice was used to maintain the blood cell 3 
suspension and diluted with sterile PBS. Peptide aliquots (20 mL) were placed into 20 mL 4 
microfuge tubes. The diluted blood cell aliquots (180 mL) suspension were aseptically placed 5 
into each 2 mL tube and gently mixed three times with a wide mouth pipette tip. The tubes 6 
were incubated at 37 °C with agitation for 35 min. Immediately the tubes were placed for 5 7 
min on ice and centrifuged for 5 min. Aliquots of 100 mL of supernatant were carefully 8 
collected, placed into a sterile 1.5 mL microfuge tube, and diluted with 900 mL chilled, 9 
sterile PBS. All tubes were maintained on wet ice after dilution. Three replicates were run for 10 
each. The absorbance was measured at 576 nm. 11 
3.3.2.3. Thrombolytic Activity 12 
Venous blood drawn from healthy volunteers (n = 20) was transferred to preweighed sterile 13 
micro centrifuge tube (500 µL/tube) and incubated at 37 oC for 45 min. After clot formation, 14 
serum was completely removed (aspirated out without disturbing the clot formed) and each 15 
tube having clot was again weighed to determine the clot weight. 16 
 Clot weight = weight of clot containing tube – weight of tube alone 17 
Each micro centrifuge tube containing a clot was labeled and 100 µl of crude extract and its 18 
polar fractions was added to the tubes. Water was also added to one of the tubes containing a 19 
clot and this served as a negative thrombolytic control. All the tubes were then incubated at 20 
37 oC for 90 min and observed for clot lysis. After incubation, fluid obtained was removed 21 
and tubes were again weighed to observe the difference in weight after clot disruption. The 22 
difference obtained in weight taken before and after clot lysis was expressed as percentage of 23 
clot lysis. 24 
3.3.2.4. Biofilm Inhibition Activity 25 
The inhibition in bacterial (Bacillus subtilis) biofilm formation was assessed by the 26 
microtiter-plate method as described by Stepanovic et al., (2004). The wells of a sterile 24-27 
well flat bottomed plastic tissue culture plate were filled with 100 𝜇L of nutrient broth 28 
(Oxoid, UK). Testing sample with concentrations of 2.5 𝜇g (dissolved in 1 mL of DMSO), 29 
was added in different wells. Finally, 20 𝜇L of bacterial suspension containing 1 × 109 30 
CFU/mL was inoculated. The positive control contained Rifampicin and nutrient broth 31 
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(Oxoid, UK) while negative controls contained nutrient broth and microbial strain. The plates 1 
were covered and then incubated aerobically for 24 hours at 37 ∘C. Thereafter, the contents of 2 
each well were beheaded thrice with 220 𝜇L of sterile phosphate buffer (pH: 7.2). To remove 3 
all nonadherent bacteria, plates were vigorously shaken. Then, the attached leftover bacteria 4 
were fixed with 220 mL of 99% methanol per well. After 15 min, plates were emptied and 5 
left to dry. Then, plates were stained for 5 min with 220 mL of 50% crystal violet per well. 6 
Surplus stain was rinsed using distilled water. Then plates were air-dried and the bound dye 7 
was resolubilized with 220 𝜇L of 33% (v/v) glacial acetic acid per well. The optical density 8 
(OD) of each well was measured at 630 nm using microplate reader (Biotek, USA). All the 9 
tests were carried out three times against the selected bacterial strain and the results were 10 
averaged. The bacterial growth inhibition (INH%) was calculated using the following 11 
formula: 12 
 13 
3.4. Medium optimization using artificial neural network approach 14 
Various parameters were assessed for surface tension reduction,  emulsification index and 15 
biosurfactant production (Table 3.1). 16 
3.4.1. Experiment plan 17 
Taguchi model was applied for planning experiments. To enhance the biosurfactants 18 
production and optimize the nutritional and environmental parameters, an artificial neural 19 
network model was used to predict and estimate the optimum environment for biosurfactant 20 
production, emulsification index and surface tension reduction.  21 
3.4. 2. Artificial Neural Network Model  22 
In present study, Levenberg–Marquardt (LM) algorithm was used to train an optimal 23 
artificial neural network (ANN) of size 1106  (i.e. six neurons in input layer, ten in hidden 24 
layer and one in output layer) in MATLAB. LM algorithm was selected in training of ANN 25 
due to its fast analysis time (about one second in my case). Optimal goal was achieved in less 26 
than 10 epochs with momentum value µ=0.001.  Training of LM based neural network model 27 
stops automatically after the generalization stops. ANN architecture is shown in Fig. 3.2. 28 
Flow chart of analysis procedure can be shown as in Fig. 3.3. 29 
 30 
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Table 3.1: Levels of selected environmental and nutritional parameters for optimization of 1 
medium 2 
 3 
Code Factors Units Level 1 Level 2 Level 3 
X1 Temperature °C 30 35 40 
X2 pH - 5 7 9 
X3 Incubation Period Days 3 6 9 
X4 Carbon Source 20 g/L  Starch Sucrose Glucose 
X5 Nitrogen Source 2 g/l (NH4)2SO4 Urea Yeast 
extract 
X6 Hydrocarbon Source 1% Petrol Diesel Hexane 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
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 1 
Fig. 3.2.  Artificial neural network architecture 2 
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 1 
Fig. 3.3. Flow chart of analysis procedures 2 
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3.5. Effectiveness of Biosurfactants Producing Klebsiella sp. FKOD36 in Biodegradation 1 
of Phenanthrene in Aqueous, Soil and Soil-Water System 2 
3.5.1. Phenanthrene Degradation in Liquid Culture 3 
The degradation of PHE  in liquid culture was determined by measuring the amount of 14CO2 4 
produced in a 250 mL biometer flask containing 50 mL of MSM, 0.1 mM non-radiolabel 5 
PHE and 0.001 mCi 14C12 PHE. The pH of medium was adjusted to 7.2. The Klebsiella sp. 6 
FKOD36, PHE degrading strain was cultivated and harvested from the stock culture solution 7 
by centrifugation at 12000 rpm at 30 oC for 20 minutes and resuspended in PBS phosphate 8 
buffer saline solution. The centrifugation and resuspended process were repeated three times 9 
to remove residual PHE from the collected culture. Final cell density of the culture was 10 
maintained as 2.3 x 107. This culture was used as inoculum. Experimental set up was run in 11 
triplicate to evaluate the effect of different concentrations of biosurfactants i.e. below CMC 12 
(62 mg/L), CMC (124 mg/L), super CMC (248 mg/L). The flasks were placed on gyratory 13 
shaker (New Brunswick scientific, Edison, NJ, USA) and were continuously stirred at 125 14 
rpm. The evolved CO2 was trapped in vials (hanging from a rubber stopper) containing 2 mL 15 
of 1M NaOH. The vials were replaced repeatedly after every 12 h. The radioactivity of the 16 
solution was measured using liquid scintillation counter.  17 
3.5.2. PHE Degradation Studies in Soil 18 
A sandy loam soil was collected from an experimental field at the University of California, 19 
Riverside, USA for preliminary biodegradation experiments. Soil consists of primarily of 20 
60% sand, containing between 29.4% clay and 11.6% silt, pH (6.1) and an organic matter 21 
content of 0.39%. The soil was passed through a 2.0 mm sieve, air-dried and sterilized by 22 
repeated autoclaving at 12 oC for 90 min for three consecutive days prior to use. Conical 23 
flasks (250 mL) fully closed with rubber stopper and equipped with 14CO2 trapping vials 24 
(containing 2 M NaOH) were used for the biodegradation studies in soil. About 10 g sandy 25 
loam soil was autoclaved at 128 oC three times before use on consecutive days. Each 26 
biometer flask containing sterilized soil was spiked with non-radiolabeled PHE (100 mg/kg) 27 
and 0.001 mCi PHE. The biometer flasks were set overnight to allow evaporation of the 28 
added acetone. The biometer flasks were inoculated with Klebsiella sp. FKOD36 strain. 29 
After inoculation, the gravimetric water content was adjusted with 0.2 M PBS.  30 
 41 
 
 The effect of different concentrations of biosurfactants on the degradation of PHE by 1 
Klebsiella sp. FKOD36 was examined. The soil was thoroughly mixed with sterilized spatula 2 
after adding all the required materials. The 14CO2 evolution from the biometric flaks was 3 
trapped in vial containing 2 mL of 1M NaOH. The vials were replaced periodically and the 4 
trapped CO2 in NaOH was measured using scintillation counter. The experiment was run in 5 
three replications. A biotic control containing uninoculated sterilized soil was used for 6 
comparison. 7 
3.5.3. Degradation Studies in Soil and Water System 8 
The experimental setup was the same as described above. Conical flasks were closed with 9 
rubber stoppers and an internal hanging scintillation vials (containing 2 M NaOH). The flasks 10 
containing 10 g of sterilized soil spiked with non-radiaolabelled PHE (100 mg/kg) and 0.001 11 
mCi C14 PHE dissolved in acetone.  After overnight evaporation of acetone, 50 mL of MSM 12 
containing various concentrations of biosurfactants (below CMC, CMC, Super CMC) were 13 
added to the biometer and then equilibrated for 3 days by shaking on rotary shaker (150 rpm) 14 
before inoculation.  After inoculation with Klebsiella sp. FKOD36 the flasks were placed 15 
back on the rotary shaker at room temperature and the amount of 14CO2 evolved was 16 
measured after every 12 h using liquid scintillation counter.   17 
3.6. Efficacy of Biosurfactants and Fertilizer on Biodegradation of Phenanthrene by 18 
Klebsiella sp. FKOD36 19 
Three different textured soil samples used in the experiments were collected from the non-20 
historical agricultural contaminated soil in western Riverside, California (CA699). Soils were 21 
collected from the plow layer at a depth of between 2 and 22 cm using a stainless steel shovel 22 
and stored at 4 oC in plastic buckets. Prior to use, soils were air dried for 4 days, passed 23 
through a 2 mm sieve to remove large pieces of wood, leaves and roots. The homogenized 24 
soil was ground with a mortar and passed through a 0.125 mm sieve to obtain particle size in 25 
the range of soil amendments (10-100 µm). Physiochemical characteristics of these three 26 
soils are given in Table 3.2. 27 
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Table 3.2. Physico chemical properties of the selected soils 1 
Chemical properties 
 
Soil Type 
(Texture) 
 
Geographic location 
 
Depth 
(In) 
 
Cation-exchange capacity 
(meq/100g) 
 
           
 pH 
                             
 
                                        
Salinity 
 (mmhos/cm) 
Dello Loamy Sand 33.82916 o, - 116.98888o 8 2.5 
 
7.4 
 
4.6 
Hanford Coarse Sandy 
loam 
33.82962o, - 117.16385o 8 
 
7.5 
 
6.6 
 
2.8 
Willow Silty Clay 33.84104o, -117.13743o 10 32 8.4 6.0  
SAR (1.5) 
 3 
 4 
 5 
 
Soil Type 
(Texture) 
Depth 
(In) 
Sand 
(%) 
Silt 
(%) 
Clay 
(%) 
Organic 
matter 
(% ) 
Moist bulk 
density 
(g/cc) 
Saturated hydraulic 
conductivity 
(micro m/sec) 
Available water 
capacity 
(In/In) 
Dello 
Loamy 
Sand 
8 79 17 24 0.75 1.55 74.0 0.06 
Hanford 
Coarse 
Sandy 
loam 
 
 
8 
 
 
68 
 
19 
13  
0.65 
 
1.60 
 
34.0 
 
0.10 
Willow 
Silty 
Clay 
10 5 45 50 1.50 1.55 0.31 0.10 
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3.6.1. Laboratory Scale Microcosm Soil Experiment on the Biodegradation of PHE 1 
The experiment was performed to investigate the influence of biosurfactant and fertilizers on 2 
PHE biodegradation in soils (Hanford coarse sandy loam, Dello loamy sand and Willow silty 3 
clay). For this purpose, 250 mL conical biometer flasks with 50 g soil were used. Each 4 
conical flask containing sterilized soil was spiked with non-radiolabeled PHE (100 mg/kg) 5 
and 0.005 mCi C14 PHE. Biometer flasks were kept overnight to allow evaporation of the 6 
added acetone and then inoculated with Klebsiella sp. FKOD36 (cell density 1% v/v, CFU 1 7 
x 105 bacterial cells mL-1) along with biosurfactants at CMC (124 mg/kg) were added for 8 
PHE degradation.  After inoculation, the gravimetric water content was adjusted with 0.2 M 9 
PBS. The effect of biosurfactants and fertilizer on PHE degradation was examined using the 10 
following treatments 11 
B1N1I1: Biosurfactant+ Fertilizer +Inoculation  12 
B1N0I1: Biosurfactant+ No Fertilizer +Inoculation 13 
B0N1I1: No Biosurfactant+ Fertilizer +Inoculation  14 
B0N0I1: No Biosurfactant+ No Fertilizer +Inoculation 15 
B1N1I0: Biosurfactant+ Fertilizer +No Inoculation 16 
B0N1I0: No biosurfactant+ Fertilizer + No Inoculation 17 
B1N0I0: Biosurfactant+ No Fertilizer+ No Inoculation 18 
B0N0I0: No Biosurfactant+ No Fertilizer + No Inoculation 19 
 The biosurfactant used at CMC and sub CMC was produced by the same strain 20 
Klebsiella sp. FKOD36.  While fertilizer 2% urea and K2HPO4 (1:1, w/w) was used. All 21 
other steps were as described in the previous sections. 22 
3.6.2. Preparation of Soil Suspension Using Amendments for Biodegradation Study in 23 
Soil-Water System 24 
The suspension (10 g/L) of each soil viz, Hanford coarse sandy loam, Dello loamy sand and 25 
Willow silty clay soil was prepared in MSM. The soil suspensions and amendments were 26 
separately autoclaved (121 oC for 30 min) three times, with a one day interval between each 27 
autoclaving. The soil suspensions were spiked with 0.001 mCi 14C-labeled PHE (volume of 28 
acetone 0.5%, v/v) to give a final PHE concentration of 100 m/kg-1 soil at a specific 29 
radioactivity of 13.3 mCi/mmol of PHE. The PHE-spiked soil suspensions were then stirred 30 
for 7 days before inoculation with   Klebsiella sp. FKOD36 along with fertilizer and 31 
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additional biosurfactant.  For each soil type, un-amended controls consisting of only soil 1 
without any amendment were also prepared. The different un-amended soil treatments were 2 
shaken for a further 10 days on a horizontal shaker at 120 rpm at 30 oC in the dark before use 3 
in the mineralization experiments, to allow for a phenanthrene surface equilibration between 4 
the dissolved and solid phases. Similar set of treatment was used (except MS medium) for 5 
making soil-water system. PHE mineralization in all three different textured soils was 6 
investigated by measuring 14CO2 evolved from the biometric flaks that was trapped in a vial 7 
containing 2 mL 1M NaOH. The vials were replaced periodically and the NaOH trapped 8 
solution inside the vial was collected to measure the 14CO2 evolved using liquid scintillation 9 
counter.  10 
3.7. Performance of Microbial Cells Immobilized on Biochar Assisted with 11 
Biosurfactants in Bioremediation of Phenanthrene in Different Textured Soils 12 
The experiment was performed to determine the role of biosurfactant and microbial cells 13 
immobilized on biochar in the biodegradation of PHE in three soils having different texture 14 
and soil-water systems.  15 
3.7.1. Carrier and Cell Immobilization Method 16 
Biochar prepared from pine wood feedstock was used as carrier material.  The typical 17 
characteristic of the biochar are listed in Table 3.3. To prepare immobilized bacteria, 18 
adsorption carrier and cell suspension were mixed in a ratio of 5:100 (w/v) for 2 h, and then 19 
2% (w/v) sodium alginate was added into the mixed solution to form a sodium alginate 20 
adsorption-carrier cell suspension.  21 
 The mixed suspension was added drop-wise to a well stirred 2% (w/v) CaCl2 solution 22 
using a 20 mL syringe to obtain an immobilized bead with a spherical shape. The beads were 23 
left in CaCl2 solution for 12 h to allow them to harden. Electron microscopy of the biochar 24 
immobilized cells was performed to identify the survival of the immobilized cells. Biochar 25 
with and without the immobilized bacteria beads were harvested with gauze and rinsed with 26 
sterilized water. For comparison, immobilized beads without bacteria or adsorption carrier 27 
were prepared. All immobilized beads were stored at 4 oC before being used.  28 
To ensure survival of the immobilized cells on biochar, morphology of the biochar and 29 
immobilized strains were observed by Philips XL-30E scanning electron microscope (SEM) 30 
at 20 kV and 800-4000 magnification. 31 
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Table 3.3. International biochar initiative level 1 analysis  1 
Source: Pine Wood chip  2 
 3 
Properties Wet Dry 
Moisture (%) 6.6 0.0 
Total ash (%) 13.5 14.4 
Organic Carbon (%) 79.7 85.4 
Inorganic carbon (%) 0.10 0.11 
Hydrogen/Carbon 0.27 mole ratio 0.27mole ratio 
Hydrogen (%) 1.8 1.9 
Total Nitrogen (%) 0.53 0.56 
Total oxygen (%) 17.9 12.0 
pH 8.34  
Liming  (neut. Value) (%) 8.8 9.5% CaCO3 
Liming (carbonate value) 
(%) 
0.9 0.9% CaCO3 
Activity (Butane) 3.3  3.6 g/100g 
Bulk Density 11.20 10.46 lb/cu ft 
Sulfur (%) 0.098 0.105 
 4 
Particle Size Distribution 5 
 6 
mm % Retained Fraction % 
>19 0.0 0.0 
16 to 19 0.0 0.0 
9.5 to 16 8.3 8.3 
6.3 to 9.5 28.6 20.3 
4.0 to 6.3 53.4 24.8 
2.0 to 4.0 87.4 34.1 
1.0 to 2.0 99.1 11.7 
0.50 to 1.0 99.8 0.7 
0.25 to 0.50 99.8 0.0 
0.15 to 0.25 99.8 0.0 
0.075 to 0.15 99.9 0.1 
< 0.075 100 0.1 
 7 
 8 
 9 
 10 
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3.7.2. Biosurfactant Assisted IMT in Biodegradation of Phenanthrene in Soil and Soil-1 
Water System 2 
This study was conducted on three different soils using biosurfactants and biochar 3 
immobilized cells by following treatment plan   4 
Xo: Killed microbial control with the addition of 2000 mg/kg NaN3 as a microbial inhibitor 5 
X1: Natural dissipation control with the addition of sterile water to adjust soil moisture 6 
IoImoCoBo: No free cells, no immobilized cells, no biochar, no biosurfactants  7 
B1C1ImoIo:  Biosurfactants and biochar  8 
BoC1ImoIo: Only biochar (carrier)  9 
B1CoImoIo:  Only biosurfactants  10 
BoCoImoI1: Free bacteria 11 
B1ImoCoI1:  Biosurfactants and free cells  12 
B1C1I1:  Biosurfactants, biochar and free cells 13 
Im1B1CoIo:  Immobilized cells + biosurfactants  14 
3.8. Statistical analysis 15 
The statistical analysis was performed using Statistix (version 8.1) software package. Means 16 
and standard error values were calculated for the collected data. One way analysis of 17 
variance (F-test with p <0.05) was performed on data to determine the significant difference 18 
among various treatments. Additionaly, MATLAB was used in developing artificial neural 19 
network and algorithm analysis.  20 
  21 
 22 
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Chapter 4 1 
RESULTS 2 
Soil and sludge samples were obtained from a site that has the history of crude oil 3 
contamination for more than 15 years. Bacteria capable of producing biosurfactants and 4 
PAHs degradation were isolated from these samples using standard qualitative and 5 
quantitative methods. The most effective strain was characterized and biosurfactant 6 
production was estimated by mathematical models. The biosurfactant produced by the 7 
bacteria were purified and structurally characterized. Later their functional properties were 8 
investigated. Various factors like temperature, pH, incubation period, carbon and nitrogen 9 
sources, and hydrocarbons sources were optimized using soft computing model to optimize 10 
the nutritional and environmental condition during the biosurfactant production. The 11 
effectiveness of biosurfactants for the biodegradation of PHE was also investigated. 12 
Furthermore, the effect of fertilizer and biochar along with biosurfactant was evaluated in 13 
PHE biodegradation in soil and soil-water medium. The results are discussed in the following 14 
sections. 15 
Study 1* 16 
4.1. Isolation and Screening of Biosurfactant-Producing Bacteria  17 
4.1.1. Qualitative and Quantitative Evaluation of Biosurfactant-Producing Isolates 18 
The drop collapse test was conducted for the primary qualitative screening of biosurfactant-19 
producing bacteria. Drop collapse test was highly positive for FKOD36 followed by 20 
FKOD33, FKOD31 and FKOD28. Other isolates FKOD27, FKOD29, FKOD30, FKOD35 21 
and FKOD35 also showed positive drop collapse test. These isolate were further tested for 22 
their biosurfactant production quantitatively. The results for cell free supernatant of isolates 23 
that showed positive drop collapse test indicated that all the tested isolates showed 24 
reasonably good oil displacement activity (Fig. 4.1), however, maximum oil displacement 25 
activity (3.6 mm) was observed in the case of isolate FKOD36 which was 18 times higher 26 
than the control in which no cell free supernatant was used. The minimum activity (1.93 mm) 27 
was recorded with isolate FKOD33 (Table 4.1), although it showed 9 times higher oil 28 
displacement than the control. 29 
*Ahmad Z., D.E. Crowley, M. Arshad. 2014. Isolation, Screening and Functional Characterization of 30 
Biosurfactants Producing Bacteria from Oil Contaminated Sites. International Conference on 31 
Economics, Energy, Environment and Agricultural Sciences, Kuala Lumpur, Malaysia. 32 
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The isolates FKOD29 and FKOD30 showed almost similar pattern in oil displacing activity 1 
and differed non-significantly from each other. They showed maximum oil displacement 2 
activity (2.1 mm) and (1.93 mm) for FKOD29 and FKOD30 respectively which is 10 times 3 
higher than the control treatment. Likewise, three other isolates FKOD31 and FKOD33 4 
showed 13 times higher activity while FKOD32 showed 11 times higher oil displacement 5 
than the control treatment where no inoculation was done. The results for FKOD31, 6 
FKOD32 and FKOD33 showed similar type of effect regarding oil displacement activity and 7 
had non-significant difference from each other. Additionally, it was noted that the isolate 8 
FKOD36 showed maximum oil displacement activity after 72 h of incubation period (Fig. 9 
4.2).  10 
 11 
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 1 
Fig. 4.1. Oil displacement test representation for the selcted isolate FKOD36 2 
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 1 
Fig. 4.2. Time variation in oil displacement of the selected strain Klebsiella sp. FKOD36. 2 
The values shown are mean ± SE of three replicates 3 
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Table 4.1. Surface tension, Emulsification index (E24%), Modified drop collapse test and oil 1 
displacement capability of bacterial isolates isolated from crude oil contaminated site 2 
Isolate # 
Measured surface 
tension (dyne/cm) 
E24 (%) 
Oil displacement 
test (mm) 
Modified drop 
collapse test 
Control 70.02(0)a±0.06 4.63f±0 0.2d±0.1 ̲ 
FKOD27 57.02(18.5)bc±0.80 33.28e ±2.0 2.0c±0.11 + 
FKOD28 
48.29(31)e±0.67 60.69b±1.0 2.8b±0.11 
++ 
 
FKOD29 
56.49(19.3)bc±0.57 44.44d±3.0 2.1c±0.13 + 
FKOD30 
58.49(16.5)b±0.78 32.80 e±2.0 
1.9c±0.06 
 
+ 
FKOD31 
49.15(30)e±0.76 54.76 c ±2.0 
2.7b±0.17 
 
++ 
FKOD32 
54.89(21.6)d±0.85 52.77c±1.0 
2.2c±0.11 
 
+ 
FKOD33 
48.35(31)e±0.54 56.91bc±1.0 
2.6b±0.06 
 
++ 
FKOD35 
56.29(19.6)cd±0.48 42.74d±1.0 
2.0c±0.06 
 
+ 
FKOD36 
35.15(50)f±0.86 67.33 a±1.0 3.6a±0.24 
+++ 
 
 3 
Values are shown as mean ± standard deviation of three replicates 4 
Values in parenthesis indicates percent reduction in surface tension compared to control  5 
+++ Highly efficient; ++ Efficient; + Low efficiency 6 
LSD value (for surface tension) = 3.56; 7.74 (for emulsification index); 0.66 (for oil 7 
displacement) 8 
Significant level= 0.05 9 
 10 
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 Further quantitative testing of isolates for their biosurfactant production was 1 
estimated by measuring their surface tension reduction capability. Maximum reduction in 2 
surface tension (50%) compared to control was exhibited by isolate FKOD36. 3 
 Emulsification index is considered reliably accurate method to screen isolates having 4 
capability to produce biosurfactant. All nine isolates (that showed positive qualitative test) 5 
showed excellent capability to emulsify hydrocarbon (Fig. 4.3). Among all the isolates 6 
maximum emulsification index was found for FKOD36 which was 14.5 times higher than the 7 
control as shown in Table 4.1. A good correlation occurred between emulsification index and 8 
oil displacement activity (R2=0.92) and similarly for surface tension reduction and 9 
emulsification activity (R2=083) (Fig. 4.4).  10 
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 1 
  Fig. 4.3. Determination of emulsification index 2 
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 1 
  2 
 3 
 4 
Fig. 4.4. Correlation between (a) the Surface tension reduction (ST) and oil displacement 5 
activity (OD), (b) emulsification index (E24%) and displacement activity (OD), (c) surface 6 
tension reduction (ST) and emulsification index (E24%) 7 
a 
b 
c 
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4.1.2. Bacterial Cell Biomass Production on PHE Amended Mineral Salt Medium   1 
This assay was performed to test the ability of isolates to grow on PHE amended MSM. A 2 
biomass concentration in the range of 0.4-3.7 g/L was observed for the selected isolates. 3 
Maximum biomass (3.7 g/L) was observed in the case of bacterial isolate FKOD36 after 7 4 
days incubation at 30 oC (Fig. 4.5) while minimum biomass production (0.4 g/L) was 5 
observed for bacterial isolate FKOD35.  6 
4.1.3. Identification of Biosurfactant-Producing Bacterium FKOD36 7 
Among the nine isolates, FKOD36 which showed the highest emulsification index, capability 8 
to reduce surface tension and oil displacement activity was identified as a Klebsiella sp. 9 
which belongs to the gamma-proteobacteria (Fig. 4.6), and suggests limited distribution of 10 
these genes among bacteria. The sequence of the isolate FKOD36 was submitted to NCBI 11 
GenBank and accession number (KT364873) was obtained. This suggests that certain taxa of 12 
surfactant-producing species may play unique roles in determining the composition and 13 
population sizes of petroleum-degrading species in oil-degrading communities as well as the 14 
rate of petroleum degradation. 15 
 16 
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 1 
Fig. 4.5. Biomass estimation of bacterial isolates cultivated in phenanthrene amended 2 
MS medium. Values are shown as mean ± SE of three replicates. 3 
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 1 
Fig. 4.6. Phylogenetic tree obtained by neighbor-joining analysis of 16S rRNA gene 2 
sequences, showing the position of the biosurfactant-producing isolate among neighboring 3 
species of the genus Klebsiella   4 
 5 
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Study 2 1 
4.2. Biosurfactant Production, Purification/Detection and Structural Characterization 2 
of Biosurfactants Produced by Klebsiella sp. FKOD36 3 
4.2.1. Biosurfactant Production Kinetics and Numerical Models Validation 4 
Isolate Klebsiella sp. FKOD36 presenting the best qualitative and quantitative tests for 5 
biosurfactant production capability was evaluated for biosurfactant production on the basis of 6 
substrate consumption under aerobic conditions using MS medium, supplemented with 7 
soybean oil (2% v/v). The downstream processing of biosurfactant production by Klebsiella 8 
sp. FKOD36 is shown as Fig. 4.7. 9 
 Time course study of biosurfactant production by Klebsiella sp. FKOD36 was 10 
performed using production medium with soybean oil (2% v/v) as a carbon source at 30 °C 11 
under shaking condition (200 rpm). The bacterial growth in term of dry cell weight (DCW), 12 
biosurfactant concentration (g/L) and substrate consumption (%) in the medium by Klebsiella 13 
sp. FKOD36 were monitored during incubation (Fig. 4.8). The bacterial growth gradually 14 
increased and attained maximum dried cell mass (4.3 g/L) after 10 days of incubation. The 15 
biosurfactant production started after 3 days of incubation and progressively increased up to 16 
4.3 g/L after 10 days (Fig. 4.9). Further it was also observed that the cell growth increased 17 
gradually up to 3 day incubation later it became constant, while biosurfactant production was 18 
continued increasing and reached to 4.3 (g/L).  19 
  For Klebsiella sp. FKOD36, appropriate models were found to illustrate the response 20 
of experiments pertaining to soybean oil consumption, cell growth and biosurfactant 21 
production. The models were validated by comparing the experimental values and predicted 22 
values by models, and a deviation of about 5% was found. The experimental values and 23 
predicted values calculated by equations 2, 3 and 4 used the regression parameters listed in 24 
Table 4.2. All experiments showed a good kinetic pattern fairly described by the 25 
mathematical models with R2 > 0.90 for biosurfactant production, biomass estimation and 26 
soybean oil consumption. It was noted that the strain Klebsiella sp. FKOD36 showed highest 27 
Pmax (4.34 g of biosurfactants /L) and µmax (0.08 h-1) (Table 4.2). 28 
 29 
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Cell free culture Solvent extract
Crude dried form of biosurfactant
 1 
 2 
Fig.4.7. The downstream process for biosurfactants production, extraction and 3 
purification by Klebsiella sp. FKOD36 4 
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  1 
Fig. 4.8. The growth (O.D. 450 nm) of Klebsiella sp. FKOD36 grown in soybean 2 
oil amended MS media with time 3 
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 1 
Fig. 4.9. Experimental and predicted data representation of biosurfactant and biomass 2 
production, and substrate consumption with time using Klebsiella sp. FKOD36. 3 
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Table 4.2. Regression parameters of biosurfactant production, biomass concentration, and soybean oil consumption of Klebsiella sp. 1 
FKOD36 2 
 3 
 4 
Po=  initial biosurfactant concentration (g/L); Pmax =  maximum concentration of biosurfactant (g/L); Pr = ratio between initial volumetric rate 5 
of biosurfactant formation (rp) and initial biosurfactant concentration Po (hr-1), rp/X (g/L. hr-1) =  represent microorganism activity; Xo = 6 
initial biomass concentration (g/L); Xmax = maximum concentration of biomass (g/L); µmax = ratio between initial volumetric rate of biomass 7 
formation (rp) and initial biomass concentration  Xo  (hr-1); So = initial soybean oil concentration (mL/L); Yp/s = product yield (g/g); Yx/s = 8 
biomass yield (g/g) 9 
Biosurfactant production Biomass Soybean oil consumption 
Po 
(g/L) 
Pmax 
(g/L) 
Pr 
(hr-1) 
rp/X 
(g/L. hr-1) 
  
 
Xo 
(g/L) 
Xmax 
(g/L) 
µmax 
(hr-1) 
So 
(mL/L) 
Yp/s 
(g/g) 
Yx/s 
(g/g) 
 
 
 
0.035 
 
4.34 
 
0.083 
 
0.002 
 
0.25 3.13 
 
0.08 
 
0.0426 0.2557 
 
0.3107 
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4.2.2. Purification/Detection  1 
The crude biosurfactant sample was purified and later detected by silica gel column 2 
chromatography and thin layer chromatography (TLC) as shown (Fig. 4.10b).  Biosurfactant 3 
produced by Klebsiella sp. FKOD36 was visible as a dark brown spot with an Rf = 0.64. The 4 
spot was further analyzed by FTIR, XRD and SEM to identify the functional groups present, 5 
their nature and surface morphology.  6 
4.2.3.  Structural Characterization of Crude Biosurfactants 7 
 4.2.3.1. FTIR Analysis 8 
Infra-Red Spectroscopy provides information regarding evidence of the presence of different 9 
functional groups and molecular structure. Molecular composition of the biosurfactant 10 
produced by Klebsiella sp. FKOD36 was evaluated by FT-IR. Fig.4.11 represents the FT-IR 11 
spectra of the partially purified biosurfactant sample. The characteristic band at 3280 cm−1 12 
indicates the presence of OH bonds. Absorption around 2928 cm−1 is assigned to the 13 
symmetric stretch (CH) of CH2 and CH3 groups of aliphatic chains. The absorption peak 14 
located at 1625 cm−1 indicates the presence of ester carbonyl groups (C O bond in COOH). 15 
The ester carbonyl group was also indicated from the band at 1238 cm−1 which corresponds 16 
to C  O deformation vibrations, although other groups also absorb in this region. Protein-17 
related weak bands the C O amide I (1625 cm−1) and NH/ C O combination of the amide II 18 
bands (1529 cm−1), were observed. It might be possible that the additional bands at 1625 19 
cm−1 and 1529 cm−1 resulted from the contamination of polypeptides from cell debris co-20 
precipitated with the biosurfactant during extraction. The absorption peak around 1056 cm−1 21 
indicates the presence of polysaccharide or polysaccharide-like substances in the 22 
biosurfactant. The absorption peak at 694 cm−1 indicates the presence of CH2 group.  23 
4.2.3.2. XRD Analysis 24 
X-ray diffraction (XRD) is a powerful nondestructive technique for characterizing crystalline 25 
materials. Partially purified biosurfactant sample produced by Klebsiella sp. FKOD36 26 
showed a regular structure. Partially purified biosurfactant sample was largely amorphous 27 
and one peak was observed at the scattering angle (2θ) at 73° (Fig. 4.12). 28 
 29 
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 1 
(a) 2 
 3 
(b) 4 
 Fig. 4.10. Purification and detection of crude biosurfactant produced by Klebsiella sp. 5 
FKOD36 by Silica Gel Column chromatography (a) and TLC (b) 6 
 7 
 65 
 
 Fig. 4.11. FTIR spectrum of partially purified biosurfactant produced by Klebsiella 1 
sp. FKOD36 2 
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 1 
Fig. 4.12. X-ray diffraction spectrum of partially purified biosurfactant produced by 2 
Klebsiella sp. FKOD36. 3 
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4.2.3.3. SEM analysis 1 
Scanning Electron Microscopy was performed to observe the surface morphology of partially 2 
purified biosurfactant to verify visible morphological structure of the material and to verify 3 
an eventual rearrangement of the structure (Fig. 4.13). Two facts are to be mentioned: first, 4 
normal biosurfactant sample particles were small and having the smoother surface 5 
morphology and enhanced fibrous structure, which would help in attaining highly viscous 6 
aqueous solution. It was observed that lyophilization of solution containing biosurfactant, 7 
produced a soft structure. Secondly, partially purified sample of biosurfactant showed highly 8 
interconnected cross linking between the particles and appeared as a gel like impermeable 9 
wall surface.  10 
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 1 
 2 
 3 
 4 
 Fig.  4.13. Scanning electron micrograph of partially purified biosurfactant produced 5 
by Klebsiella sp. FKOD36. 6 
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Study 3 1 
4.3. Stability Assessment and Functional Properties of Biosurfactant Produced by 2 
Klebsiella sp. FKOD36 strain 3 
The advantages of biosurfactants over synthetic surfactants include lower toxicity, 4 
biodegradability, selectivity, and higher specific activity at extreme temperatures, pH, and 5 
salinity.  In the present study the biosurfactants produced by Klebsiella sp. FKOD36 were 6 
characterized for their stability under various environmental conditions such as temperature, 7 
pH and salinity.  8 
4.3.1. Stability Assessment 9 
4.3.1.1. Effect of Temperature  10 
Data regarding temperature effects on functional properties of biosurfactant produced by 11 
Klebsiella sp. FKOD36 in cell free broth (Fig. 4.14a) indicated that temperature significantly 12 
affected the biosurfactant functional properties. No appreciable changes in emulsification 13 
capacity occurred when cell-free broth was heated to 40 oC. Although significant reduction in 14 
emulsification index was observed when the temperature 40 ºC. Maximum emulsification 15 
index (64.8%) was observed at 40 oC while a gradual decreasing trend was observed above 16 
40 ºC. About 75% reduction in emulsification index was observed when biosurfactant was 17 
subjected to 100 ºC.   18 
 An effect of temperature on surface tension (dyne/cm) reduction (Fig. 4.15a) has 19 
different behavior contrary to emulsification index. Data revealed that surface tension 20 
reduction capability significantly enhanced as temperature was increased from 10-100 oC. 21 
Maximum emulsification index (85%) was observed at 100 oC.  It is worth noting that 22 
biosurfactant was stable in term of surface tension reducing capability for the entire range of 23 
temperature. Increase in temperature had no adverse effect on surface tension reducing 24 
capability of biosurfactant produced by Klebsiella sp. FKOD36. However significant 25 
increase in reducing surface tension capability was observed. The maximum increase 26 
(44.7%) in surface tension reduction capability was observed at a temperature 10-20 oC.  27 
4.3.1.2. Effect of pH 28 
 pH of the cell-free broth of Klebsiella sp. FKOD36 was varied between 2 to 12 to evaluate 29 
the effect of pH on emulsification capacity (Fig. 4.14b). The highest emulsification index 30 
(50%) and surface tension reduction activity (33.8 dyne/cm) was observed at pH 8. An abrupt 31 
reduction in emulsification index was observed when pH increased to 12 while surface 32 
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tension reduction capability slight decreased (14%) at pH 12. Further increase in pH did not 1 
much affect reduction in the surface tension. At pH 8, surface tension was 34 dyne/cm, 2 
whereas at pH 12 no significant reduction in surface tension was observed. The increase in 3 
pH had non-significant effect on surface tension reduction activity.  4 
4.3.1.3. Effect of Salinity 5 
The effect of NaCl on biosurfactant showed that maximum stability of biosurfactant occurred 6 
at 5% NaCl concentration (Fig. 4.14c). A gradual decrease in emulsification capacity as the 7 
salt concentration increased (5-25%) could be seen. At a salt concentration of 10%, a slight 8 
reduction (7%) was observed. The maximum reduction in emulsification index (87%) was 9 
observed at a higher NaCl concentration (15-20%).  10 
 Similarly, a trend in surface tension reduction capability was observed for increasing 11 
salt concentration. Data revealed that at a salt concentration of 5% surface tension reduction 12 
capability was stable, further increase in salt concentration caused significant reduction in 13 
surface tension activity. The maximum reduction in surface tension (60%) was observed 14 
when salt concentration increased to 25%.  15 
  16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 71 
 
                        1
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                        3
Fig. 4.14.  Effect of temperature (A, A1), pH (B, B1) and salinity (C, C1) on 4 
emulsification index and surface tension reduction peoperties of Klebsiella sp. 5 
FKOD36. Date are shown as mean ± SE of three replicates 6 
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4.3.2. Functional Properties of Biosurfactant 1 
4.3.2.1. Emulsification Activity of Biosurfactants Using Various Hydrocarbons 2 
Emulsification index was used to examine the emulsifying properties of bioemulsifiers. Cell 3 
free culture (crude biosurfactant) was tested with different hydrophobic substrates (diffusion 4 
pump oil, petrol. Diesel oil, silicon oil, n-hexane, mineral light oil, Xylene, and toluene) and 5 
vegetable oil (canola oil, grapseed oil, corn oil, soybean oil, olive oil). Soyabean oil, corn oil 6 
and olive oil had comaparatively similar efficiency for emulsification. However, canola and 7 
grapseed oil showed less efficency for emulsification to Triton X-100 (Fig. 4.15a). The 8 
emulsification capability of the produced biosurfactant was similar to the synthetic one.  9 
 Biosurfactant produced by Klebsiella sp. FKOD36 showed significantly higher 10 
emulsification for kerosine oil than synthetic commercial surfacatant (Triton X-100) and for 11 
diffusion oil pump, mineral light oil, xylene and toulene, while its efficiency was lower for 12 
silicon oil, petrol, and diesel oil (Fig. 4.15b). The maximum emulsification (25% higher) 13 
occurred in the case of xylene when biosurfacatnt was used. Similarly, 24%, 22%, and 20% 14 
increase was observed for mineral light oil, n-hexane and toulene respectively. The diffusion 15 
oil pump emulsification index was comparable to synthetic surfacatnt. For toulene, petrol and 16 
disel oil, emulsification was  20%, 17%, and 14%, respectively.   17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 73 
 
 1 
(a) 2 
 3 
(b) 4 
Fig. 4.15. (a) Evaluation of E24% using various vegetable oils and (b) hydrocarbons. Data are 5 
shown as mean ± SE of three replicates 6 
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4.3.2.2. Critical Micelle Concentration 1 
To establish critical micelle concentration (CMC) of the crude biosurfactant isolated from 2 
Klebsiella sp. FKOD36, the relationship between biosurfactant concentration and surface 3 
tension was determined. The surface tension data versus the values for different biosurfactant 4 
concentrations produced by Klebsiella sp. FKOD36 were plotted  in Fig. 4.16. The lowest 5 
biosurfactant concentrations provided the highest surface tension values and that the gradual 6 
increase in biosurfactant concentration (124 mg/L) led to a decrease the surafce tension until 7 
the value, 38 dyne/cm. This point in the curve was considered to correpond to the CMC of 8 
the biosurfactant.  9 
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 1 
  Fig. 4.16. Determination of critical micelle concentration. Values are shown as 2 
mean±SE of three replicates 3 
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4.3.2.3. Biofilm Inhibition 1 
Biofilm inhibition (Fig. 4.17) indicated that 5 µg biosurfactant produced by Klebsiella sp. 2 
FKOD36 dissolved in 1 mL of DMSO showed good activity against Bacillus subtilis biofilm. 3 
About 28% reduction was observed in biofilm production (Table 4.3) compare to its positive 4 
control Rifampicin which showed (98%) biofilm reduction activity.  5 
4.3.2.4. Hemolytic and Thrombolytic Activity 6 
The biosurfactant produced by Klebsiella sp. FKOD36 showed a significantly higher 7 
hemolytic activity (83.70%) than the commercial and synthetic nanoparticles. Similarly, 8 
thrombolytic activity was noted up to 50.2% (Table 4.3). It is quite high and can compete 9 
with the other commercial synthetic thrombolytic agents because of its organic nature.  10 
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 1 
A (Positive C)    B (Negative C) 2 
 3 
C (Biofilm treated by biosurfactant produced by Klebsiella sp. FKOD36) 4 
Fig. 4.17. Inhibition in biofilm formation of Bacillus substilis by biosurfactant produced by 5 
Klebsiella sp. FKOD36 (Phase contrast microscopic view). 6 
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Table 4.3. Functional properties exhibited by biosurfactant produced by Klebsiella sp. FKOD36 1 
 Activity (%)  Significance 
Hemolytic activity  83.70±1.85 +++  
Thrombolytic activity  50.20± 1.87 ++  
Biofilm  inhibition  28.20 ±0.15 + 
Rifampicin (Positive 
control) 
98.20 ± 0.15 +++ 
 2 
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Study 4** 1 
4.4. Production Improvement of Biosurfactant Produced by Klebsiella sp. FKOD36 2 
Through Medium Optimization Using Artificial Neural Network Approach 3 
4.4.1. ANN Model Training, Testing Validation  4 
An optimized ANN model was used to estimate the of biosurfactant yield (g/L), 5 
emulsification index E24 (%) and surface tension reduction (dyne/cm) using temperature, pH, 6 
incubation period, carbon source, nitrogen source and hydrocarbon source as input 7 
parameters for 27 samples. ANN optimization was completed in three steps: training, 8 
validation, and testing. In training of ANN, 70% of total data (19 samples) were used. The 9 
remaining samples 15% (4 samples) were used in testing and validation on a random division 10 
basis. Predicted values of three outputs and errors are summarized in Table 4.4. 11 
In order to determine the power of the proposed ANN model, the model was run with 12 
various back propagation neural network topologies and with one and two hidden layers and 13 
different activation functions and training algorithms, after which the results were compared. 14 
The number of neurons in each hidden layer was changed from one to thirty and ten 15 
iterations were considered for each network. The network designed with one hidden layer 16 
and 14 neurons produced the best results. The best model was built using the Levenberg 17 
Marquart algorithm and the logarithm sigmoid was employed in the hidden layer.  18 
 19 
1- *Ahmad, Z., S. Jha. and D.E. Crowley 2015. Optimization of environmental parameters and estimation of 20 
biosurfactants production by Artificial Neural Networks. J. Biotech. Report (Submitted, Under Review). 21 
2- *Ahmad, Z., M. Arshad, D.E. Crowley, B. Khoshnevisan, M. Yousefi, M. Imran and S. Hussain. 2015. 22 
Comparative efficacy of ANN and ANFIS models in estimating biosurfactant production produced by 23 
Klebsiella sp. FKOD36. Stoch. Environ. Res. Risk Assess. DOI 10.1007/s00477-015-1125-2. (Impact 24 
Factor 2.08). 25 
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Table 4.4. ANN model estimated values of biosurfactant yield, emulsification index and 1 
surface tension. 2 
Biosurfactant yield in g/L Emulsification index (E24 % ) Surface tension in dyne/cm 
Actual 
values 
Predicted 
values  
Error Actual 
values 
Predicted 
values 
Error Actual 
values 
Predicted 
values 
Error 
3.40 3.25 0.14 31.67 31.68 0.01 21.8 29.47 7.67 
4.40 3.47 0.92 44.17 44.71 0.54 25.1 26.19 1.09 
3.32 4.27 0.95 32.33 34.21 1.88 22.8 22.06 0.73 
6.46 7.96 1.50 54.17 51.17 2.99 33.5 32.24 1.25 
5.72 6.16 0.44 45.83 51.15 5.32 31.05 30.94 0.10 
6.92 5.51 1.40 74.17 41.29 32.87 35.55 34.48 1.06 
0.06 0.16 0.22 12.50 12.97 0.47 14.85 6.61 8.23 
0.10 0.21 0.11 15.00 15.31 0.31 11.95 13.84 1.89 
0.10 2.02 1.92 0.02 2.34 2.34 17.9 18.25 0.35 
5.49 7.70 2.21 19.17 19.11 0.05 22.05 21.09 0.95 
0.21 0.76 0.55 0.02 9.11 9.11 17.45 17.03 0.41 
6.02 9.40 3.38 5.83 11.07 5.24 31.95 24.38 7.56 
0.24 0.09 0.14 49.33 49.91 0.58 30.15 28.21 1.93 
0.24 1.36 1.12 0.02 22.19 22.19 21.15 21.34 0.19 
3.01 4.10 1.09 35.00 33.75 1.24 17.55 20.36 2.8 
3.17 2.57 0.59 33.17 33.40 0.23 16.2 16.01 0.18 
3.70 4.33 0.63 36.33 37.03 0.70 21.6 21.49 0.10 
4.44 3.73 0.70 41.67 41.66 0.02 23.9 16.84 7.05 
0.04 1.47 1.51 1.67 3.39 1.72 4.5 6.87 2.37 
0.07 0.97 1.04 0.02 0.14 0.14 14.85 13.97 0.87 
0.06 1.16 1.22 0.01 0.43 0.43 9.45 9.95 0.50 
0.03 0.03 0.01 13.33 18.85 5.52 7.55 5.52 13.07 
3.0 0.56 0.53 4.17 3.97 0.19 9.45 8.64 0.80 
0.03 0.59 0.62 13.33 3.60 9.72 9 9.47 0.47 
0.14 0.54 0.68 1.67 1.91 0.24 13.95 13.67 0.27 
0.17 0.24 0.41 2.50 2.45 0.04 14.4 5.32 9.07 
0.21 1.75 1.96 3.33 3.97 0.64 11.3 9.50 1.79 
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4.4.2. ANN Optimization Outcomes 1 
In estimation of biosurfactant yield (g/L) ANN model results were noted 92805.0
2 R  in 2 
training, 98185.0  in validation, and 94129.0  in testing phases respectively. The average 3 
value of R2 is 0.93. The optimal biosurfactant yield was predicted to be obtained at a 4 
temperature of 40 oC, pH 7, 6-d incubation, glucose as carbon source, (NH4)2SO4 as nitrogen  5 
source, and hexane as hydrocarbon source. The actual biosurfactant yield was 4.0 g/L while 6 
the model predicted is 3.8 g/L. Analysis outcome is shown in Fig. 4.18. 7 
In emulsification index (E24%) estimation, ANN model yields 99858.0
2 R  in training, 8 
85773.0  in validation, and 93361.0  in test data sets (Fig. 4.19). The average value of R2 9 
was 91769.0 .The optimum performance of ANN model was achieved for sample No. 1 (input 10 
parameters 30, 5, 2, 1, 1, 1 respectively) (temperature 30 oC, pH 5, incubation 6 day, starch 11 
as carbon source, (NH4)2SO4 as nitrogen source, and petrol as hydrocarbon source), analysis 12 
outcomes. In this case, the actual value of emulsification index was 31.67% while the ANN 13 
model predicted 31.68%.  14 
For the estimation of surface tension; ANN model resulted in an 96994.0
2 R  for 15 
training, 89139.0  for validation, and 90012.0  for testing phases (Fig. 4.20). The average 16 
value of 2R was 89603.0 . Optimal value of the surface tension reduction (21.5 dyne/cm) was 17 
obtained at  40 oC, pH 7, incubation time of 6 day, glucose as a carbon source, (NH4)2SO4 as 18 
N source and hexane as a hydrocarbon source. 19 
The correlation for overall results as predicted and actual indices for testing data set 20 
based on ANN results are presented in Fig. 4.21. 21 
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 1 
Fig. 4.18. ANN model performance in estimation of biosurfactants yield (g/L) 2 
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 1 
Fig. 4.19. ANN model performance in estimation of emulsification index E24 (%) 2 
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 1 
Fig. 4.20. ANN model performance in estimation of surface tension (dyne/cm) 2 
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Fig. 4.21.Predicted and actual indices for testing data set based on ANN 2 
results  3 
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Study 5* 1 
4.5. Effectiveness of Biosurfactants Producing Strain Klebsiella sp. FKOD36 in 2 
Biodegradation of PHE in Aqueous, Soil and Soil-Water System 3 
4.5.1. Effect of Biosurfactant on PHE Degradation in Liquid Culture 4 
 The mineralization of PHE by Klebsiella sp. FKOD36 in aqueous system was compared with 5 
and without external biosurfactant addition (Fig. 4.22). It was observed that 56% of PHE was 6 
mineralized in the presence of biosurfactant at all concentration after an incubation period of 7 
7 days, whereas 31.6% PHE mineralization occurred in system where no biosurfactant was 8 
added. For different biosurfactant concentration results shown in Fig. 4.22 indicate that 53% 9 
PHE mineralization occurred after an incubation of 84 h by Sub CMC and CMC which later 10 
became steady at 25% more mineralization than the treatment where no biosurfactant was 11 
added for the same incubation period. Maximum mineralization of 53% occurred during PHE 12 
mineralization where biosurfactant was applied at sub CMC after an incubation of 96 h. It is 13 
worth noting that overall maximum 56% PHE mineralization was observed by the 14 
application of biosurfactant in all concentration which was 24.6% more than the treatment 15 
where no biosurfactant was applied. No measurable amount of PHE was observed in sterile 16 
control.  17 
4.5.2. Effect of Biosurfactants on PHE Degradation in Soil 18 
 Figure 4.23 shows the effect of biosurfactants on biodegradation of PHE in soil systems. The 19 
biosurfactant was used at three different concentrations (CMC, 124 mg/L; Sub CMC 62 20 
mg/L and Super CMC 248 mg/L). Addition of biosurfactants at different concentrations had 21 
no significant difference in enhancing the mineralization of PHE by Klebsiella sp. FKOD36 22 
in a 7 day incubation. Initially a lag phase (48 h) was observed in which where no 23 
biosurfactant was used. Degradation began immediately where biosurfactants were used. 24 
  25 
*Ahmad Z., D.E. Crowley, D, M. Arshad. 2014. Effectiveness of biosurfactants produced by isolate 26 
FKOD36 in biodegradation of phenanthrene in soil and water system". ICMERS International 27 
Conference on the Marine Environment of the Red Sea, Saudi Arabia.  28 
 29 
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Overall the highest PHE mineralization (33%) occurred at the end of 7 day incubation where 1 
biosurfactant was applied which was 43% increase than the treatment where no biosurfactant 2 
were used (23 %). A similar trend was found for the other biosurfactant concentrations i.e. 3 
CMC and super CMC. It has been observed that different concentration increase overall 4 
degradation rate but sub CMC has a faster rate of PHE mineralization compared to other 5 
biosurfactant concentrations used.  6 
 7 
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 1 
 Fig. 4.22. Phenanthrene mineralization in aqueous culture. Data are shown as mean±SE of 2 
three replicates 3 
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 1 
 2 
 Fig. 4.23. Phenanthrene mineralization in soil. Data are shown as mean ± SE of three 3 
replicates 4 
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4.5.3. Effect of Biosurfactants on PHE Degradation in Soil and Water System 1 
 To investigate the facilitated effect of biosurfactants and efficacy of Klebsiella sp. FKOD36 2 
on mineralization of PHE in soil-water slurry, experiments were conducted by using different 3 
concentration of biosurfactants as mentioned above (Above CMC, CMC, below CMC). The 4 
extent of PHE mineralization was almost the same at different concentration of biosurfactant. 5 
However, in the presence of biosurfactants mineralization of PHE significantly increased. It 6 
has been shown in Fig. 4.24 that the maximum 43.65% of PHE mineralization occurred when 7 
biosurfactant was used as external application whereas only 27.37% of PHE mineralization 8 
in soil-water systems was observed in the absence of biosurfactants during the same period. 9 
Also it was clear from the results that mineralization of PHE in the presence of biosurfactant 10 
at CMC concentration occurred faster compared to other concentrations of biosurfactant used 11 
as external applications.  12 
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 1 
  Fig. 4.24. Phenanthrene mineralization in soil-water system. Data are shown as mean 2 
± SE of three replicates 3 
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Study 6 1 
4.6. Efficacy of Biosurfactants and Fertilizer on Biodegradation of Phenanthrene by 2 
Klebsiella sp. FKOD36 Isolate from the Crude Oil Contaminated Site 3 
4.6.1. Biodegradation of PHE in Soils Matrix  4 
The biodegradation of PHE in soil matrix microcosm experiments showed (Fig. 4.25) that 5 
maximum (61%) PHE mineralization occurred when inoculation was done along with 6 
biosurfactant and fertilizer in Dello loamy sand textured soil followed by Hanford coarse 7 
sandy loam textured soil (49%) and Willow silty clay textured soil (43%). The application of 8 
biosurfactant in treatment T2 (Where only inoculation was done along with biosurfactant) 9 
significantly improved the PHE mineralization. The maximum PHE mineralization (43%) 10 
was observed in the case of Dello loamy sand followed by Hanford coarse sandy loam (30%) 11 
and Willow silty clay (27%). It was interesting to find that the application of fertilizer alone 12 
to bacterial cells in treatment T3 had similar results to when biosurfactant treatment was 13 
applied. The maximum PHE mineralization (45%) was observed in Dello loamy sand 14 
followed by Hanford coarse sandy loam (37%) but their combination with fertilizer 15 
significantly enhanced the total PHE mineralization. This indicated that main factor 16 
improving the degradation was the presence of biosurfactant rather than fertilizer.  17 
4.6.2. Biodegradation in Shake Flask and Laboratory Scale Microcosm Soil-Water 18 
System Experiment 19 
The biodegradation in shake flasks using microcosm soil-water systems showed 20 
improvement in PHE mineralization. Maximum PHE mineralization (68%) was observed in 21 
Dello loamy sand soil-water system where fertilizer was applied along with biosurfactant and 22 
inoculation in treatment 1 followed by Hanford coarse sandy loam (67%) and Willow silty 23 
clay (59%) compared to the control where no fertilizer and no biosurfactant were applied in 24 
inoculation (Fig. 4.26). Contrary to the soil matrix system experiment biosurfactant 25 
application significantly improved PHE mineralization, but application of fertilizer without 26 
biosurfactant to bacterial cells showed no increase in overall mineralization as in the soil 27 
matrix system. The maximum PHE mineralization with biosurfactant application alone to 28 
bacterial cells in treatment T2 were observed in  Dello loamy sand (47%) followed by 29 
Hanford coarse sandy loam (44%) which was equal to the PHE mineralization in Willow 30 
silty clay (43%). Fertilizer application alone to bacterial cells showed maximum 31 
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mineralization in Dello loamy sand (53%) followed by Hanford coarse sandy loamy (35%) 1 
and Willow silty clay (33%).  2 
  3 
 4 
 5 
 Fig. 4.25. Biostimulation-biosurfactant assisted bioremediation of phenanthrene in three 6 
different textured soils. Data are shown as mean±SE of three replicates 7 
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 1 
 2 
 Fig. 4.26. Biostimulation-biosurfactant assisted bioremediation of phenanthrene in 3 
three different textured soils-water systems 4 
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Study 7 1 
4.7. Development of “Microbial Cells Immobilized Technology” (MCIT) Using Biochar 2 
as Carrier and Biosurfactant for Bioremediation of Phenanthrene in Three Different 3 
Textured Soils 4 
4.7.1. Biodegradation of PHE in Soil Matrix Experiment 5 
 Klebsiella sp. FKOD36 was immobilized with biochar (Fig. 4.27), and inoculated into 6 
artificial PHE contaminated soil for remediation. Maximum degradation of PHE (84%) 7 
occurred in Dello loamy sand when immobilized microorganisms were used along with 8 
biosurfactants (Fig. 4.28). For Hanford coarse sandy loam and Willow silty clay maximum 9 
mineralization of PHE was 70.15% and 59.5% respectively. It was observed that PHE 10 
mineralization was 13%, 13.7% and 11% more than the treatment where only biochar was 11 
applied alone for Dello loamy, Hanford coarse sandy loam and Willow silty clay 12 
respectively.   13 
 In comparison to immobilized microorganisms on biochar treatment, it was observed 14 
that maximum PHE mineralization of 68%, 57.5% and 47.16% occurred in soil where 15 
biochar and biosurfactant were applied separately as individual entities in Hanford coarse 16 
sandy loam, Dello loamy sand and Willow silty clay respectively. It was 36.52%, 30% and 17 
44.45% more than the treatment where biochar was applied alone. Although application of 18 
biochar alone has significant effect yet, it is less than the immobilized microbial treatment 19 
performed with biosurfactants application.  20 
  Effect of biosurfactant applied in PHE mineralization was also significant in all three 21 
different textured soils in treatments with and without biochar immobilized microorganism.  22 
Mineralization was enhanced 43%, 59% and 51% for Hanford coarse sandy loam, Willow 23 
silty clay and Dello loamy sand respectively when biosurfactant was used compared to the 24 
treatment where no biosurfactant were used along with microorganism immobilized on 25 
biochar.  26 
 Biosurfactant significantly enhanced PHE mineralization in all treatment 27 
combinations. The maximum additional effect of biosurfactant on PHE mineralization (84%) 28 
was observed in Dello loamy sand followed by Hanford coarse sandy loam (70%) and 29 
Willow silty clay (59.5%). Application of biosurfactant enhanced PHE mineralization with 30 
biochar and where no biochar was applied. The maximum enhancement in PHE 31 
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mineralization (19%) in Dello loamy sand textured soil was observed where biosurfactant 1 
was added alone to inoculated bacterial cells followed by Hanford coarse sandy loam 2 
(14.5%) and Willow silty clay (11.1%).  3 
  The effect of biosurfactant was significant and increased PHE mineralization (15%) 4 
in Dello loamy sand followed by Hanford coarse sandy loam (11.9%) and Willow silty clay 5 
(8.5%) compared to that where no biosurfactant were applied. It was also interesting to 6 
observe that the effect of biosurfactant application and biochar alone showed almost similar 7 
increased in PHE mineralization but biosurfactant application in combination with 8 
immobilized microbial cells on biochar showed higher PHE mineralization.  9 
 4.7.2. Bioremediation of PHE Contaminated Three Different Textured Soils 10 
Using Soils-Water System 11 
 Biodegradation experiments using soil-water systems with Klebsiella sp. FKOD36 12 
immobilized on biochar as carrier material in supplementation of biosurfactant produced 13 
from the same strain indicated a higher mineralization rate than the soil matrix system. 14 
Maximum PHE mineralization (94%) occurred in Dello loamy sand textured soil-water 15 
system after 15 days incubation when immobilized microorganisms were used along with 16 
biosurfactants (Fig. 4.29). It was similar to PHE mineralization in Hanford coarse sandy loam 17 
(92%) but was low for Willow silty clay (72%). 18 
  Microbial cell immobilization technology (MIT) significantly enhanced PHE 19 
mineralization in soil-water systems. It was observed that maximum PHE mineralization of 20 
of 86%, 80% and 58%was observed when free cells were inoculated along with biochar in 21 
Hanford coarse sandy loam, Dello loamy sand and Willow silty clay respectively. 22 
Degradation was 72%, 66%, and 48% more than the simply applied biochar.  23 
  Corresponding to previous results using soil matrix systems biochar simple 24 
application has significant effect but less than the immobilized microbial treatment peformed 25 
along with biosurfactant application. 26 
 Biosurfactant effects on PHE mineralization were highly significant in all three 27 
different textured soils using soil-water system with and without biochar immobilized 28 
microorganism.  Mineralization due to effect of biosurfactant enhanced 94%, 92%, and 72% 29 
for Hanford coarse sandy loam, Willow silty clay and Dello loamy sand respectively.  30 
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 Effects of biosurfactant by using biochar + free cells and without using biochar alone 1 
+ free cells were also observed. Maximum additional effect of biosurfactant using simple 2 
biochar on PHE mineralization (86%) was observed in Dello loamy sand followed by 3 
Hanford coarse sandy loam (80%) and Willow silty clay (58%). 4 
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Fig. 4.27. SEM image of the biochar-immobilized strain system 3 
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 1 
Fig. 4.28. Performance of microbial cell immobilized on biochar technology assisted with 2 
biosurfactants in bioremediation of phenanthrene in three different textured soils 3 
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 1 
Fig. 4.29. Performance of microbial cell immobilized on biochar technology assisted with 2 
biosurfactants in bioremediation of phenanthrene in soil–water systems 3 
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Fig. 4.30. Proposed model for Biosurfactant assisted MICT 5 
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Chapter 5 1 
DISCUSSION 2 
  3 
Biosurfactants play a key role in emulsification of petroleum hydrocarbons. Biosurfactants 4 
and bioemulsifiers are believed to be an alternative to chemical surfactant because of their 5 
properties as eco-friendly, reduced toxicity, biodegradability and high specificity (Banat et 6 
al., 2000). Functional properties of biosurfactants such as oil displacement, emulsification, 7 
surface activity and reduction in viscosity of crude oil for transportation are interesting. 8 
Therefore, finding biosurfactant-producing microorganisms to enhance bioremediation is an 9 
important research area.  10 
 The present study revealed that nine bacterial isolates (out of 37) showed a positive 11 
drop collapse (qualitative) test. This implied that these isolates had ability to produce surface 12 
active compounds that caused reduction in surface tension. Some authors have reported that 13 
qualitative tests may not be sufficient to confirm the ability of bacteria to produce 14 
biosurfactants which requires supporting evidence by other techniques based on surface 15 
activity measurements (Mulligan et al., 1984; Makkar and Cameotra, 1997). To confirm the 16 
ability of bacteria to produce biosurfactants, a quantitative analysis was performed to 17 
demonstrate surface tension activity. All the nine isolates that had positive drop test also 18 
showed high surface tension reduction activity. Among the selected isolates, Klebsiella sp. 19 
FKOD36 showed an excellent surface tension reduction activity.  Thus, a positive correlation 20 
was observed between these two properties. It is very likely that those isolates that produce 21 
biosurfactants into the culture medium could be potential candidate for bioremediation of 22 
xenobiotic compounds because of their ability to lower surface tension efficiently, leading to 23 
more solubilization and biodegradation (Fiebig et al., 1997; Kuyukina et al., 2001). Because 24 
cell biomass of the selected bacterium was high on PHE amended medium, it can be 25 
suggested that this bacterial strain (Klebsiella sp. FKOD36) could be very effective for 26 
biodegradation of petroleum hydrocarbons.   27 
 In the present study, several bacterial isolates were isolated from soil and sludge 28 
samples contaminated with crude oil. These bacterial isolates had  variable potential to 29 
produce biosurfactant and degrade phenanthrene. One of the bacterial isolate FKOD36 30 
showed high potential to produce biosurfactant and to degrade PHE. These results imply that 31 
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crude oil contaminated sites contain bacteria capable of producing biosurfactant that could 1 
effectively lower the surface tension and enhance emulsification index. Thus, biosurfactants 2 
facilitate the biodegradation process. That is why in this study biodegradation of PHE was 3 
substantially greater in the presence of biosurfactant than that observed in the absence of 4 
biosurfactant. Moreover, cell biomass was also greater in the case of bacterial isolate that had 5 
higher potential for producing biosurfactant. This bacterial isolate (FKOD36) was identified 6 
as Klebsiella sp.  Previously, no studies reported the potential of Klebsiella sp. to produce 7 
biosurfactant and degrade PHE, however, Pseudomonas and Bacillus species capable of 8 
producing biosurfactants have been reported by researchers (Desai and Banat, 1997; 9 
Rosenberg and Ron, 1999; Maier and Soberón-Chávez, 2000).  10 
 Production of biosurfactant on an economical basis is critical for successful 11 
application in the field. Modeling technique in biosurfactant production on the basis of 12 
substrate consumption could be a useful technique to operate the fermentation process on an 13 
economical basis and also select appropriate parameters for optimal biosurfactant production. 14 
Two stage production of biosurfactant have been reported previously (Abalos et al., 2001). 15 
The present study illustrated that initially quantity of soybean oil decreased and then became 16 
constant after 3 days of incubation. This implies that the biosurfactants produced over time 17 
are secondary metabolites (Wei et al., 2005; Costa et al., 2009; Lotfabad et al., 2009). 18 
However, de Lima et al., (2009) reported that biosurfactant production is a primary 19 
metabolite when bacterial cells are grown on residual soybean oil. Furthermore, 20 
mathematical modeling allowed a better estimation of biosurfactants production by the 21 
determination of parameters and a reasonable fitting with a significance level over 90% was 22 
observed in all cases including biosurfactant production, biomass estimation and substrate 23 
consumption.  24 
 Making biosurfactant more economical many other useful strategies are being 25 
employed which include use of low substrate, efficient downstream processes and 26 
optimization of nutritional and environmental parameter. Use of soft computing models 27 
gaining popularity in optimization studies, especially more complex data having many input 28 
and output variables. Artificial neural networks (ANN) are a successful optimization method 29 
due to numerous advantageous features including the adaptive learning method, non-30 
linearity, analogous neuron functioning, simple generalization etc. In many earlier studies 31 
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(Franco-Lara et al., 2006; Sivapathasekaran et al., 2010). ANN was used as a significant 1 
method in optimization of experimental parameters for biosurfactant production. In the 2 
present study, the average performance of the ANN model in estimation of surface tension 3 
reduction was  8960.0
2 R  and the regression relation was 6.1 XY . In estimation of 4 
surface tension reduction optimal performance of ANN was achieved in the training phase 5 
followed by the testing and validation phases. In this case, the best performance of ANN was 6 
achieved in the training phase. Comparing the average performance of model estimation; it 7 
was observed that the ANN model had the best performance in estimation of biosurfactant 8 
yield followed by the emulsification index and surface tension reduction.  9 
 Emulsification index and surface tension reduction have high consequences on the 10 
biosurfactant yield. This fact was verified by Pearson’s correlation coefficients calculated 11 
from the experimentally observed values of biosurfactant yield, emulsification index, and 12 
surface tension. The correlation coefficients showed values as 7389.0  between the 13 
biosurfactant yield and emulsification index, 7318.0  between the emulsification index and 14 
surface tension reduction, and 8079.0  between the biosurfactant yield and surface tension 15 
reduction. 16 
 There are several literature reports of the isolation and biosurfactant production by 17 
different species of Pseudomonas, and Bacillus that produces a rhamnolipid (Glycolipid) and 18 
surfactin, class of biosurfactant (Deziel et al., 1996) but none of studies revealed 19 
comprehensive structural characterization of biosurfactant produced by Klebsiella sp. Our 20 
results revealed that partially purified biosurfactant contained sugar moieties. The silica gel 21 
column chromatography and TLC anlaysis showed a close resemblance with rhamnolipids a 22 
member of glycolipids biosurfactants.  These results were further confirmed by FTIR and 23 
XRD analysis. These above information from TLC and respective wave numbers from FTIR 24 
confirmed the glycolipid nature of the biosurfactant (Tuleva et al., 2002; Tahzibi et al., 2004; 25 
Rodrigues et al., 2006).  26 
 The applicability of biosurfactants in several fields depends on their stability under 27 
harsh environments. This study indicated that biosurfactants produced by the strain FKOD36 28 
were thermophilic in nature ,which can tolerate a broad range of temperature (10-100 oC), pH 29 
(2-12), and salt concentration (5-25%). Our findings from the present study showed that 30 
performance of the biosurfactant produced by Klebsiella sp. FKOD36 was not affected upto 31 
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60 oC. Additionally, the biosurfactant were tolerable at salinity level (10%). The 1 
biosurfactant by Klebsiella sp. FKOD36 showed excellent functional properties at alkaline 2 
pH (pH 7), although further increase in pH significantly affected the functional behavior of 3 
the biosurfactant. Once the salinity decreases viscosity, it is possible that the increase in NaCl 4 
concentration may affect quality of the emulsion, thus reducing the emulsification capacity. 5 
Reduction in emulsification activity due to increase in salinity concentration was also 6 
reported for other biosurfactants produced by Candida lipolytica grown in n-hexadecane 7 
(Cirigliano and Carman, 1984) and a mixed culture in  molasses (Ghurye et al., 1994). The 8 
loss of emulsification activity could be explained by the denaturation of proteinaceous 9 
compounds of the bioemulsifier during heating. Our findings were similar to previous ones 10 
for  liposan from Candida lipolytica  that illustrate that biosurfactant produced by this strain 11 
is relatively stable between 30 and 90 ºC, but lost 60% of its activity after boiling for 1 hour 12 
(Cirigliano and Carman, 1984). This clearly indicates the thermostable nature of the 13 
biosurfactant. The emulsification activity was quite stable at the temperatures used in 14 
comparison with synthetic surfactants such as SDS, which exhibited a significant loss of 15 
emulsification activity 70°C (Persson et al., 1988). It indicated a significant potential role of 16 
biosurfactants produced by strain Klebsiella sp. FKOD36 in bioremediation of spills in 17 
marine environment because of its stability at high pH and high salt concentration (Prieto et 18 
al., 2008). There is no such report on isolation of thermostable surfactant produced by 19 
Klebsiella sp. FKOD36 originated from oil contaminated sites. 20 
 A biosurfactant is considered efficient that causes maximum reduction in surface 21 
tension at low concentration (Desai and Banat, 1997). Low critical micelle concentration 22 
(CMC) (124 mg/L) is an indicator that Klebsiella sp FKOD36 biosurfactant is a more 23 
favorable candidate than commercially synthesized surfactants.  24 
 Biosurfactant application in facilitating biodegradation processes is well documented 25 
(Balba et al., 2002; Urum et al., 2003). The most commonly used biosurfactant rhamnolipids 26 
from pseudomonas species are used in biodegradation of various hydrocarbons like 27 
polycyclic aromatic hydrocarbons, pesticides and other organic pollutant (Makkar, and 28 
Cameotra, 2000; Megharaj et al., 2011; Mulligan et al., 2001). In our present state of 29 
knowledge no such reports ever reported the production of rhamnolipid biosurfactants from 30 
Klebsiella sp. and its application in biodegradation of phenanthrene.  31 
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In the present study role of external application of biosurfactant were investigated in 1 
facilitating biodegradation of PHE by Klebsiella sp. FKOD36 in liquid, soil and soil-water 2 
system. Various concentrations of biosurfactant (CMC, Sub CMC and Super CMC) have 3 
varied effect on increasing rate of biodegradation of PHE, although different concentration 4 
have nonsigificant effect on total degradation. Degradation experiments also indicated that 5 
the phenanthrene degrading organism was able to mineralize the compound without a lag 6 
period. In aqueous system and soil-water systems, biosurfactant at CMC showed higher 7 
maximum rate of PHE mineralization while in soil matrix systems sub CMC showed higher 8 
rates of PHE mineralization. It has previously been reported that addition of the rhamnolipid 9 
produced by Pseudomonas aeruginosa enhanced hydrocarbon degradation by the same 10 
organism (Itoh and Suzuki, 1972; Shreve et al., 1995). In contrast to that Jain et al., (1992) 11 
found that a supra-CMC concentration of biosurfactants produced by Pseudomonas 12 
aeruginosa UG2 enhanced the biodegradation of different hydrocarbons by the native 13 
population of a soil sample, but the addition of sub-CMC concentration or the inoculation 14 
with this bacterium did not affect hydrocarbon degradation. 15 
 The increase in PHE biodegradation in the presence of biosurfactant is probably due 16 
to increased solubilization of sorbed PHE to the aqueous phase, resulting in increased 17 
bioavailability of PHE to degrading cells (Grimberg, 1996). These aqueous biosurfactants 18 
generally increase the solubility, surface area, desorption, and transport of pollutants, thus 19 
leading to increased biodegradation of hydrocarbaons. Similar findings were reported by 20 
Bury and Miller (1993). They observed that the solubilization of n-decane and n-tetradecane 21 
by nonionic Neodol surfactants greatly increased the biodegradation of the hydrocarbons. 22 
The presence of a polymeric biosurfactant alasan, produced by Acinetobacter radioresistens 23 
KA53, significantly increased mineralization rates of PHE and fluoranthene because of the 24 
enhanced solubilization of PAHs (Barkay et al., 1999). Biosurfactants produced by a 25 
Pseudomonas sp. grown on kerosene and vegetable oil also increased solubilization and 26 
biodegradation of naphthalene (Vipulanandan and Ren, 2000). In contrast to increased 27 
biodegradation of PHE by biosurfactants observed in the present study, several other studies 28 
have shown inhibition of hydrocarbon compounds biodegradation in the presence of 29 
synthetic surfactant (Laha and Luthy, 1991; 1992; Tiehm, 1994; Tsomides et al., 1995) that 30 
could possibly due to toxicity of synthetic surfactant towards bacterial cells.  31 
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 The enhancement of biodegradation of PHE in soil matrix system may be due to 1 
facilitated desorption and transport of PHE portioned in soil organic fraction to aqueous 2 
phase. Biosurfactants have been shown to decrease the partitioning of hydrophobic 3 
compounds to soil matrix and enhance desorption of compound to and transport to aqueous 4 
phase. This facilitated desorption of hydrophobic compounds in the presence of biosurfactant 5 
might be due to several factors such as interaction of biosurfactant with the solid interfaces, 6 
and interaction with molecules. Previously, Bury and Miller (1993) reported that the 7 
solubilization of n-decane and n- tetradecane by non-ionic Neodol surfactant greatly 8 
enhanced the biodegradation of hydrocarbons. Our results are also supported by the findings 9 
of Noormam et al (1998) who reported that the addition of rhamnolipids biosurfactant had a 10 
positive effect on the biodegradation of phenanthrene. Using four soils, they observed that 11 
the rhamnolipids- containing solution reduced the time to remove 50% of sorbed PHE in soil 12 
column by two to five fold compared to that where no biosurfactant was used. They 13 
attributed this increase in PHE removal to rhamnolipid biosurfactant that increase micellar 14 
solubilization of PHE. Furthermore, Aronstein and Alexander (1992) observed that the 15 
addition of nonionic surfactant, Alfonic 810-60 and Novel II 1412-56, at concentrations less 16 
than the CMC increased desorption of PHE and biphenyl in aquifer materials and enhanced 17 
the PHE mineralization. In addition to desorption, enhanced dissolution of PHE 18 
microcrystals that was possibly present on the surface of the soil may have contributed to the 19 
enhanced mineralization in the presence of biosurfactant. Therefore, the enhanced 20 
biodegradation of PHE in the presence of biosurfactant in the soil system was probably 21 
caused by combination of biosurfactant facilitated desorption and dissolution of PHE from 22 
soil. 23 
  Phenanthrene biodegradation rate was higher in soil slurry systems than for the static 24 
soil system. The increase in PHE biodegradation in soil water slurry system may be 25 
attributed to improved aeration, increased solubilization, and better contact between 26 
surfactant, substrate and microorganism (Aronstein and Alexander, 1992). The present study 27 
also illustrated that use of soil slurries in combination of biosurfactant at critical micelle 28 
concentration (124 mg L-1), provides a promising means for ex situ bioremediation of PHE 29 
contaminated sites. 30 
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 Biostimulation experiments were conducted to investigate the effect of fertilizer on 1 
biosurfactant facilitated bioremediation in three different textured soils and soil-water 2 
systems. Biodegradation varied with the soil texture. It is likely that biosurfactant activity 3 
may vary depending on chemical and physical characteristics of soil. Dello loamy sand 4 
textured soil has 0.70% organic matter (O.M) with 79 % sand content which is higher than 5 
the Hanford coarse sandy loam (0.75% O.M, 68% sand) and Willow silty clay (2.2% O.M, 6 
5% sand). Higher O.M content tends to increase the adsorption capacity for the contaminants. 7 
Sand content may also affect adsorption and desorption capacity of the soil. Moreover, 8 
successful bioremediation of contaminants can be achieved by sufficient numbers of 9 
microorganisms. As microorganisms increase in number, they can enhance the mineralization 10 
rate. Microorganism requires an optimum nutrient balance required for hydrocarbon 11 
remediation is C:N:P 100:10:4. Biostimulation is considered as an accelerating strategy in the 12 
past few years. It is believed to promote the growth and activity of microorganisms capable 13 
of degrading pollutants. Previous studies suggest that nutrient supplementation stimulates 14 
bioremediation by increasing microbial biomass (Sanchez et al., 2000; Margesin and 15 
Schinner, 2001; Duncan et al., 2003; Maki et al., 2003; Sarkar et al., 2005). When a major 16 
oil spill occurs in the environment, the supply of carbon is dramatically increased, and the 17 
availability of nitrogen and phosphorus generally becomes the limiting factor for oil 18 
degradation (Leahy and Clowell, 1990; Zhu et al., 2001; Venosa and Zhu, 2003).  19 
  Our results on combined application of biosurfactant and fertilizer indicate 20 
that the main factor improving the degradation was the presence of biosurfactant rather than 21 
fertilizer. The improved biodegradation levels obtained with biosurfactant indicated that they 22 
represent the most efficient accelerator for hydrocarbon biodegradation through increasing 23 
oil bioavailability (Perfumo et al., 2010 a,b; Thavasi et al., 2011). Enhanced biodegradation 24 
in presence of biosurfactant could be due to the fact that biosurfactant facilitate the 25 
desorption and decrease the diffusion path length for the microorganism thus enhancing the 26 
contact of hydrocarbon to the microbial cell membrane which help in improving the 27 
degradation process. The use of biosurfactant could reduce the actual amount of fertilizer to 28 
be added to polluted sites. It has been observed previously that water soluble fertilizer 29 
encounter problem such as washing away and rapid dilution in aquatic environment. Maki et 30 
al., (2003) reported that fertilizer only stimulates the early stage degradation rate of the oil 31 
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and that the final degradation efficiencies with fertilizers were not significantly different 1 
from those where no fertilizers were used. It is important to mention here that nutrients or 2 
fertilizers use may be essential in some environments with insufficient nutrient level.   3 
 Hydrocarbon toxicity to microbial cell at higher concentration is well documented. 4 
Several amendments are being employed to reduce the toxicity and make pollutants more 5 
available to microorganisms. In our recent study we used microbial cells immobilized on 6 
biochar to assist with biosurfactant in bioremediation of PHE in three different textured soils. 7 
Microbial cell immobilized technology (MCIT) significantly enhanced PHE mineralization 8 
compared to treatments where biochar biosurfactant and PHE degrader alone were used. This 9 
might be due to the fact that biochar provides a safe niche for the PHE degrader thus capable 10 
of PHE mineralization in a more efficient way.  11 
 Biochar has alone had a significant effect but less than that when immobilized 12 
microbial treatment was performed along with biosurfactant application. Higher PHE 13 
mineralization in soil supplemented by immobilized bacteria and biosurfactant may be 14 
because bacteria immobilized on biochar enhance the removal percentage of hydrocarbon 15 
due to dual action as biosurfactant and due to biochar effect. Thus combined technology 16 
significantly increased many fold the efficiency of mineralization.  17 
 It was also interesting to observe that the effect of biosurfactant and biochar 18 
independently had almost similar increases in PHE mineralization, but biosurfactant in 19 
combination with immobilized microbial cells showed higher PHE mineralization. From an 20 
environmental aspect, application of biosurfactant carries more advantages as they help to 21 
facilitate the degradation process by increasing solubility of hydrophobic hydrocarbon. To 22 
elucidate the distinct bio-dissipation mechanisms of PHE in soil, the concept of 23 
bioremediation by MCIT using biochar as carrier assist to biosurfactant is shown in Fig. 4.29. 24 
Immobilized microorganisms in carrier would significantly restrict the diffusion from cells to 25 
cells and hence limit the contact of PAHs with inoculated cells. Additionally biosurfactant 26 
enhance the solubility and bioavailability of the contaminant for the microorganism so their 27 
combined application significantly improved the overall total PHE mineralization. Previous 28 
studies have demonstrated that biochar materials displayed higher affinity with PAHs than 29 
the soil organic matter (Chen et al., 2008; Chen and Yuan, 2011; Chen et al., 2012). 30 
Furthermore, application of biosurfactant to PAHs contaminant soil significantly enhanced 31 
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the solubility into the aqueous medium and bioavailability of the contaminant to the 1 
microorganism.  2 
 Consistent to the previous findings using soil matrix systems biochar application 3 
alone has a significant effect but less than when the immobilized microbial treatment was 4 
applied along with biosurfactants. It can be concluded that combined technology significantly 5 
increased many fold the efficiency of mineralization.   6 
 Soil-water slurry system facilitated the desorption by biosurfactant many as it helped 7 
to reduce adsorptive forces thus facilitating degradation of contaminant in a much higher 8 
order than soil matrix system. Biosurfactant application in soil-water system enhanced 9 
mineralization in all treatment combination but significant increase was observed where 10 
microbes immobilized on biochar.  11 
  Based on the above findings, biodegradation of phenanthrene by Klebsiella sp. 12 
FKOD36 immobilized on biochar assisted by biosurfactant is proposed (Fig. 4.30).  13 
Contaminants emitted from natural and anthropogenic sources are largely accumulated in 14 
soils (Chen et al., 2004; Tao et al., 2006). The limited bioavailability of hydrocarbons in a 15 
terrestrial environment due to low water solubility or interactions with the soil matrix and 16 
toxicity of contaminants to the microorganism are often corresponds to inhibition of the 17 
degradation rate (Harms and Bosma, 1997). Bioaugmentation especially through 18 
biosurfactant-producing bacteria has been proposed as an effective alternative to 19 
biostimulation to overcome the limitations mentioned above. It is believed that biosurfactant 20 
proved to be efficient in flushing of contaminated soil and mobilization of recalcitrant 21 
pollutants from soil matrix to aqueous solution (Mulligan and Eftekhari, 2003; Wang and 22 
Mulligan, 2004). Additionally, the immobilized carriers play a vital role in successful 23 
bioaugmentation. The carriers are intended to offer a protective niche for inoculated 24 
microbes and hence reduce competition with indigenous microorganisms, and to keep the 25 
contaminant from spreading within the soil. Previously, enhanced degradation of pollutants 26 
by immobilized microbes using biomass as a carrier was observed relative to degradation by 27 
free microorganisms (Su et al., 2006). In our present study, soil flushing with the application 28 
of biosurfactant in combination of microorganism immobilized on biochar significantly 29 
improved the efficiency of the biodegradation process.  30 
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 The present study demonstrated clearly that biosurfactant produced by Klebsiella sp. 1 
FKOD36 isolated from oil contaminated sites had very high potential for biodegradation of 2 
phenanthrene. Similarly application of external biosurfactant along with strain immobilized 3 
on biochar as a carrier material significantly enhanced biodegradation rate of phenanthrene in 4 
both soil and soil-water slurry systems. This may imply that the technology developed could 5 
be used by environmental protection agencies for treatment of phenanthrene contaminated 6 
soil and waste water. 7 
 Furthermore, biomedical application and potential of produced biosurfactant by 8 
Klebsiella sp. FKOD36 revealed that it had a unique hemolytic, thrombolytic and biofilm 9 
inhibition activity. Such biosurfactants may have practical application in the biomedical and 10 
therapeutical field. Recently, it has been reported that biosurfactants have potential as 11 
antitumor therapeutic agents (Shao, 2010; Ortiz et al., 2008, 2009; Zaragoza et al., 2010). 12 
The use and potential commercial application of biosurfactants in the medical field have 13 
increased during the past decade. Their antibacterial, antifungal and antiviral activities make 14 
them relevant molecules for applications in combating many diseases and as therapeutic 15 
agents (Banat et al., 2010; Rodrigues et al., 2006a; Seydlová and Svobodová, 2008; 16 
Rodrigues and Teixeira, 2010). 17 
 18 
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SUMMARY 1 
 2 
 Soil contamination with oil spills occurs during production and transportation, 3 
unsuitable operation and leakage. Such incidences have great global concern today due to 4 
environmental pollution. Among them, petroleum hydrocarbons are one of the examples that 5 
enter the environment through various routes. Polycyclic aromatic hydrocarbons (PAHs) are 6 
the major fractions which include both suspected and carcinogenic compounds. Phenanthrene 7 
(PHE), is one of the 16 PAHs identified as a priority pollutant by the U.S. Environmental 8 
Protection Agency (EPA) due to its widespread distribution in the environment. 9 
Bioremediation is a promising option for reducing pollutants to threshold levels. However, 10 
many factors limit the biodegradation of PHE in the environment. One is limited 11 
bioavailability of the contaminant to the degrading microorganisms due to sorption and 12 
hydrophobic nature of the compound. Treating soil with surfactant increases the 13 
bioavailability of the contaminant. Synthetic surfactants has been reported to increase the 14 
bioavailability, but they have other adverse effects as they are non biodegradable, toxic for 15 
some microorganism and they carry high production cost. Biosurfactants are more 16 
environmentally friendly, as they are green molecules. Keeping in view all these facts, a 17 
study was planned and a series of experiments was conducted to develop an efficient 18 
bioremediation strategy for PHE contaminated environments. The   results of the experiments 19 
are summarized: 20 
 Bacteria with biosurfactant-producing potential were isolated from crude oil 21 
contaminated soil and twelve soil samples collected from Freed Kot PSO oil depot 22 
through enrichment culture technique. Thirty seven bacterial strains were selected to 23 
test their biosurfactant production in MS medium amended with 1% (v/v) crude oil as 24 
sole carbon source. Among these isolates, isolate FKOD36 (Klebsiella sp. FKOD36) 25 
exhibited good surface tension reduction (34 dyne/cm), emulsification index (67%) 26 
and oil displacement activity (3.7 mm).  27 
 Biosurfactant produced by Klebsiella sp. FKOD36 showed a low critical micelle 28 
concentration (CMC) value (124 mg/L) and was capable of lowering surface tension 29 
from 70.02 to 32 dyne/cm. Numerical models proved a significance efficiency level 30 
upto that of 90% as biosurfactant production at the expense of substrate consumption. 31 
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It could be helpful to establish the biosurfactant production process on an economical 1 
basis during any fermentation time for the selected strain.  2 
 Stability of the biosurfactant over a wide range of temperature (10-100 ºC), pH (2-12) 3 
and salinity (5-25%) increases its scope of application in a broader perspective 4 
including conditions where high temperatures prevail as in bioremediation of crude 5 
oil contaminated sea shores. The functional characteristics (surface tension reduction 6 
and emulsification index) of biosurfactant produced by Klebsiella sp. FKOD36 was 7 
stable and didn’t lose its activity under conditions of tempreture 60 ºC, pH upto 7 and 8 
salinity level of 10%, suggesting its possible exploitation in future biotechnological 9 
processes, either directly as a field-released microorganism, or as a biosurfactant 10 
producer under controlled conditions. 11 
 Partially purified biosurfactant exhibited good haemolytic (83%), thrombolytic 12 
activity (50%) and biofilm inhibition activity (30%) which reflected its potential in 13 
biomedical and environmental field application. 14 
 Biosurfactant yield was measured experimentally in diverse environments and 15 
medium conditions. Thereafter a soft computing model, Artificial Neural Network 16 
(ANN) was used to assess the best optimum conditions for biosurfactant yield, 17 
emulsification index and surface tension reduction of medium. ANN model results 18 
showed maximum estimation accuracy for biosurfactant yield followed by the 19 
emulsification index and surface tension reduction. The most efficient ANN model 20 
assessment were 0.030 g/L for actual value 0.038 g/L of biosurfactant yield for input 21 
variable (40 °C, pH 7, 6 days incubation, Glucose as carbon source, Ammonium 22 
sulphate as nitrogen source and n-Hexane as hydrocarbon source), 31.67% for actual 23 
value 31.68% of emulsification index at input variable (30 °C, pH 7, 6 days 24 
incubation, Starch as carbon source, Ammonium sulphate as nitrogen source and 25 
Petrol as hydrocarbon source), and 21.6 dyne/cm for actual value 21.5 dyne/cm of 26 
surface tension at input variable (35 °C, pH 9, 6 days incubation, Sucrose as carbon 27 
source, Urea as nitrogen source and n-Hexane as hydrocarbon source) respectively.  28 
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 The crude biosurfactants purified using silica gel column chromatography and TLC 1 
showed close resemblance with rhamnolipids. These results were further confirmed 2 
by FTIR and XRD analysis.  3 
 Biosurfactants produced by Klebsiella sp. FKOD36 demonstrate a higher capability 4 
for mineralization of PHE in soil and slurry system. Addition of biosurfactant at 5 
below CMC concentration (62 mg/L) increase initial rates of PHE mineralization by 6 
Klebsiella sp. FKOD36 in aqueous system. Addition of biosurfactant at CMC 7 
concentration (124 mg/L) in soil and slurry system increases both the initial rate and 8 
extent of PHE mineralization. Biosurfactants at CMC (124 mg/L) increased the 9 
bioavailability and mineralization of PHE in soil- water slurry system. It was also 10 
observed that 56% of PHE was mineralized in the presence of biosurfactant (62 11 
mg/L) in a liquid culture over 7 days incubation while maximum 33% and 43.6% 12 
PHE mineralization was observed at biosurfactant concentration (124 mg/L) in soil 13 
and slurry system respectively.  14 
 Application of biosurfactant along with NPK fertilizer enhanced the PHE 15 
mineralization potential by Klebsiella sp. FKOD36 in all the three different textured 16 
soils. Biosurfactant addition alone to bacterial cells had no significant effect on PHE 17 
mineralization compared to treatments where biosurfactant + fertilizer were added in 18 
soil and slurry system. Biosurfactant alone therefore was capable of promoting 19 
biodegradation without using fertilizers thus helpful in minimizing adverse water 20 
pollution caused by excessive use of fertilizer as biostimulating agents. 21 
 Biosurfactant produced by Klebsiella sp. FKOD36 significantly enhanced the 22 
mineralization in all combinations with biochar application. However, biosurfactant 23 
assisted microbial immobilized cell technology (MCIT) proved an effective 24 
bioaugmentation approach for enhancing bioremediation of PHE contaminated soil. 25 
Biosurfactant in combination of MCIT can considerably enhance the removal of PHE 26 
from water using biosurfactant and adsorption carrier in soil and soil-water system 27 
effectively. Biosurfactant-producing immobilized bacteria could directly degrade the 28 
carrier associated contaminant. Therefore biosurfactant assisted MCIT using biochar 29 
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which not only enhance carbon sequestration but also promote the remediation of 1 
contaminated soil.  2 
Concluding remarks and future directions 3 
Soil microorganisms, particularly bacteria exhibit much potential to produce 4 
biosurfactants that are helpful in biodegradation of hydrocarbons.  Biosurfactant-producing 5 
strain Klebsiella sp. FKOD36 was successfully isolated by enrichment of crude oil as carbon 6 
source. The biosurfactant was stable over a wide range of harsh environments and exhibited 7 
excellent functional properties.  In this dissertation, a highly efficient biosurfactant and 8 
hydrocarbon degrading bacterial strain Klebsiella sp. FKOD36 successfully degraded 9 
phenanthrene in liquid, soil and soil-water systems. The outcome of this research may have 10 
practical applications in bioremediation of phenanthrene/PAHs contaminated soil, waste 11 
dumps, industrial effluent and water environments. For the successful application of 12 
bioremediation of PAHs contaminated sites, more research is required for the better 13 
understanding of biosurfactant production using low cost substrates and capability of 14 
microorganisms to produce biosurfactants under different environmental conditions. The use 15 
of microbial strains for bioremediation of other different PAHs members with structural 16 
complexity needs an understanding of all physical biochemical and genetic aspects involved 17 
in biochemical transformations. It will also be relevant to study the role of biosurfactant-18 
producing microorganisms and biostimulants on microbial community structures where such 19 
organisms play a keystone role in shaping the composition of the pollutant degrader 20 
community. As this technology advances, biosurfactants will become increasingly important 21 
for industrial processes and waste treatment. 22 
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Thesis layout 
Nutritional parameters: 
(Carbon and nitrogen source, 
hydrocarbon source) 
Environmental parameters: 
(Temperature, pH, incubation 
period) 
Purification/detection and structural characterization of 
biosurfactant produced by Klebseilla sp. 
TLC and Silica gel 
column chromatography 
FTIR, XRD and SEM Functional Characterization: 
CMC, Emulsification index, 
antimicrobial/biofilm  
Inhibition, stability assessment
   
 
Facilitating role of biosurfactant in biodegradation of 
Phenanthrene 
Biodegradation of PHE in 
aqueous, soil and soil-
water system 
Effect of biosurfactant and 
fertilizer on biodegradation of 
PHE in soil and soil-water 
system 
Biosurfactant assisted 
biodegradation of PHE using 
IMT in soil and soil-water 
system 
Conclusion: Biosurfactant producing strain Klebseilla sp. was successfully isolated from crude oil 
contaminated site. Mathematical and soft computing model were successfully employed for optimum yield of 
biosurfcaatnt produced by this strain. Biosurfactant was a  glycolipid and stable over a wide range of 
temperature, pH and salinity. Biosurfactant produced by Klebseilla sp. showed high potential in facilitating 
biodegradation of  phenanthrene in soil and soil-water system.   
Isolation & screening of biosurfactant (BS) producing 
bacteria 
Qualitative  
 Drop collapse test 
 Oil displacement 
activity 
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 Surface tension 
reduction 
 Emulsification index 
One best isolate out 37 of was selected 
Identification through 16 s RNA 
 
Production of biosurfactant 
 
Medium optimization for biosurfactant through 
soft computing model (Artificial neural network) 
Production of biosurfactant  
using soybean oil as substrate and its estimation 
using mathematical models for biomass estimation 
and substrate consumption 
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